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ABSTRACT
The contribution of incidental exposures of Roundup® herbicide to amphibian
declines can be evaluated with carefully designed laboratory tests. Sensitive, sentinel
species of larval anurans were exposed to two formulations: the original formulation of
Roundup® and Roundup WeatherMax® in 96-hour acute, aqueous and water-sediment
tests. An experimental design was developed that considered and held constant relevant
laboratory conditions which produced precise, replicable data.

Experimental design

factors decreased variability and increased precision by considering and incorporating the
following: 1) range-finding tests; 2) reference toxicity tests; 3) the relative sensitivity of
the species tested; 4) differences in formulation; 5) the number of concentrations; 6) the
amount of replication; 7) test duration; 8) verification of exposures; and 9) other
conditions necessary for acceptability of tests. Responses of larval anurans to the two
formulations were discerned in unconfounded aqueous toxicity testing, and although
these data are inherently conservative, tests provided information regarding potency of
the two formulations which isolated the exposures of interest.

Responses of Hyla

chrysoscelis, Bufo fowleri, and Rana catesbeiana differed significantly between the two
formulations (p<0.0001). This difference was likely due to the polyethoxylated tallow
amine (POEA) surfactant in the original formulation of Roundup® and the proprietary
surfactant in Roundup WeatherMax®.

We were able to discern the importance of

competing ligands such as sediments in laboratory toxicity testing by conducting
controlled experiments contrasting responses of B. fowleri, H. chrysoscelis, R. pipiens, R.
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sphenocephala, R. catesbeiana, and R. clamitans in water-only versus sediment-andwater exposures. Sediment significantly altered the toxicity in all cases except for H.
chrysoscelis exposures to Roundup WeatherMax®. We suggest that bioavailability was
altered in the presence of sediments due to the majority of significantly different potency
slopes between aqueous and water-sediment exposures. From these data, sediments have
a significant role in decreasing the toxicity by altering bioavailability in the majority of
exposures. Margins of safety for anurans would increase further in actual field situations
due to the presence of environmental ligands. Data from these laboratory tests provide a
predictive model for future field and semi-field experiments.
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CHAPTER ONE
INTRODUCTION
Currently, there is concern regarding the global decline of amphibians (Houlahan
et al. 2000; Sparling et al. 2000). Possible causes include endocrine disruptors (Hayes
2000), increased UV-B radiation due to ozone depletion (Blaustein et al. 1994; Blaustein
et al. 1995), environmental acidification (Harte and Hoffman 1989; Freda et al. 1991;
Sadinski and Dunson et al. 1992; Dunson et al. 1992; Pierce 1993; Sparling et al. 1995),
habitat fragmentation (Bradford et al. 1993; Fahrig et al. 1995; Vos 1995; Delis et al.
1996), introduction of exotic species (Hayes and Jennings 1986; Bradford et al. 1993;
Drost and Fellers 1996), chytrid fungal infections (Blaustein et al. 1994; Berger et al.
1998) , herbicides and others (Sparling et al. 2000).

Recently, Roundup® branded

herbicides have been implicated as the cause of significant amphibian mortality in North
America (Relyea 2005a,b,c). Although sorption to sediments and suspended solids is a
primary fate pathway resulting in the inactivation of glyphosate (Reinert and Rodgers
1987), one report indicated that the presence of soil in treated outdoor mesocosms had
little or no impact on survival of exposed anurans (Relyea 2005b). Other investigators
have suggested that concentrations of Roundup® formulations found in actual field
conditions as a result of incidental exposures are insufficient to pose risks to amphibians
(Solomon and Thompson 2003; Thompson et al. 2004; Edginton et al. 2004).
Amphibians, particularly in the order Anura, are sensitive sentinel species and provide
essential risk assessment data for Roundup® formulations.
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Unique physiology and behavior qualify amphibians as sensitive, sentinel species.
Features of amphibian life-history such as exposure to the environment during
fertilization, embryonic development, larval stages, and highly vascularized skin cause
amphibians to be vulnerable to an array of direct and indirect effects of contaminates and
stressors (Murphy et al. 2000). Anuran amphibians in larval Gosner stage 25 (Gosner
1960) are sensitive to exposures of Roundup® herbicides relative to other life stages of
these organisms (Mann and Bidwell 1999; Edginton et al. 2004).
Six species of frogs and toads common to the continental United States were
selected for these laboratory studies. Anuran species were chosen based on availability
and use in previous studies (Relyea 2005a,b,c; Edginton et al. 2004; Thompson et al.
2004; Howe et al. 2004; and Wojtaszek et al. 2004). Five of the species are native to the
southeastern U.S. including bullfrog (Rana catesbeiana [Shaw, 1802]), southern leopard
frog (R. sphenocephala [Cope, 1889]), green frog (R. clamitans [Latreille, 1801]),
Fowler’s toad (Bufo fowleri [Hinckley, 1882]), and Cope’s gray treefrog (Hyla
chrysoscelis [Laurenti, 1768]). The sixth species, northern leopard frog (R. pipiens
[Schreber, 1782]) is native to most of the northern and western regions of the U.S.
R. catesbeiana is found throughout North America either as native or introduced
species. This species is obligately tied to permanent water and shallow, still waters are
preferred. Eggs hatch in four to five days and metamorphosis can occur in one to three
years (Conant and Collins 1998; Martof et al. 1980). The range of R. sphenocephala is
throughout the southeastern portion of the U.S. Habitat for R. sphenocephala includes
any fresh, shallow body of water. This species also tolerates brackish water. Eggs hatch
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in one to two weeks, and metamorphosis occurs in approximately three months (Conant
and Collins 1998; Martof et al. 1980). R. clamitans is found in eastern North America.
They occupy a variety of habitats including swamps, ponds, lakes, and slow moving
rivers and streams. Eggs hatch in three to seven days, and tadpoles metamorphose in
three months to almost two years. B. fowleri is abundant along the Atlantic coast of the
U.S. This species prefers temporary pools or shallow margins of permanent bodies of
water. Eggs hatch in seven days and metamorphosis is complete one to two months later
(Conant and Collins 1998; Martof et al. 1980). H. chrysoscelis is native to eastern North
America, inhabiting all elevations of woodlands near temporary or permanent water
sources. Eggs are laid in shallow ditches, puddles, or ponds and hatching takes four to
five days. Metamorphosis occurs in 45 to 64 days (Martof et al. 1980). R. pipiens is
common throughout much of the northern region of North America. This species has a
preference for permanent water and is found in many habitat types including marshlands,
ponds, and forests. Eggs hatch in one to three weeks and tadpoles will metamorphose
after 70 to 110 days. These six species are active during forest or agricultural herbicide
applications (Conant and Collins 1998; Martof et al. 1980) and may be incidentally
exposed to Roundup® formulations in perennial aquatic systems, shallow ephemeral
vernal pools, and other aquatic systems (Conant and Collins 1998; Martof et al. 1980).
Roundup® formulations contain a broad spectrum, post-emergent herbicide
primarily used for agricultural and forest management practices. The active ingredient,
glyphosate, is the most intensely used herbicide in the United States with over 46 million
kilograms of active ingredient applied in 2002 (Gianessi and Reigner 2006).
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Formulations of glyphosate are primarily used in agriculture to control terrestrial weeds,
in connection with glyphosate-tolerant crop varieties or for no-till farming regimes, and
for forestry management practices such as site preparation and herbaceous weed control
(Cantrell 1985; Nelson and Cantrell 2002). Glyphosate’s herbicidal activity involves
inhibition of the enzyme 5-enolpyruvyl shikimate-3-P synthetase which is essential in
aromatic amino acid synthesis in plants (Devine et al. 2000). The original formulation of
Roundup® contains the isopropyl amine (IPA) salt of glyphosate with a surfactant,
polyethoxylated tallow amine (POEA) (Monsanto 2007a).

Another formulation,

Roundup WeatherMax® is comprised of the potassium salt of glyphosate with an
unspecified surfactant (Monsanto 2007b). Applications of these formulations adjacent to
aquatic systems or ephemeral pools can result in exposures of non-target species through
drift, overspray, or runoff (Edwards et al. 1980).

These incidental exposures raise

questions regarding the potential effects on non-target species such as anuran amphibians.
Data from carefully designed laboratory studies could identify sensitive species to
Roundup® exposures.
Carefully designed laboratory studies can be used to discern differences in
toxicity between two formulations of Roundup® and the relative contribution of the
surfactant present in each formulation (Brausch et al. 2006; Mann and Bidwell 2001;
Wang et al. 2005). The laboratory experiments were designed to fully characterize the
concentration and time-dependent response relationship for each species and to compare
the potency estimates among the tested species.

This research included reference

toxicant tests as well as Quality Assurance/Quality Control (QA/QC) procedures to
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confirm the validity of each test. Range-finding tests were required to establish the range
of concentrations that would capture the potency of each formulation. Numbers of
replicates and species per replicate, and unequivocal endpoints were established to ensure
adequate coverage of the exposure of interest. The overarching objective of this study
was to design appropriate experiments to determine acute exposure-response
relationships for North American anurans.
measured.

Responses of the species tested were

We measured the potency slopes of those relationships and associated

variances, calculated risk estimation endpoints (i.e. LCx) with corresponding exposures,
and ascertained the margin of safety for each Roundup® formulation. Results from
exposure conditions required to discern the exposure-response relationships and
important risk information for these anuran amphibians were compared, through
simulation to other methods and guidelines.
If larval amphibians are sensitive and have an opportunity to be exposed to
Roundup®, then we need to understand responses to exposures. We currently have little
data regarding the responses of anuran species to different formulations of Roundup®.
Two widely used formulations selected for this study are the original formulation of
Roundup® and Roundup WeatherMax®.

Since the toxicity of Roundup® is largely

attributed to the surfactant, it is likely that change in surfactant would change exposure
and consequently change response. Roundup® is relatively rapid acting, and 96-hour
tests are sufficient duration to capture the responses of amphibians to exposures (Reinert
and Rodgers 1987; Franz et al. 1997; Solomon and Thompson 2003). These laboratory
data are conservative due to the absence of confounding factors such as predation and
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factors mitigating exposures such as environmental ligands (e.g. sediment and biota)
(Suedel et al. 1993). The primary objective was to measure the toxicity of the original
formulation of Roundup® containing a POEA surfactant as well as the toxicity of
Roundup WeatherMax® with a proprietary surfactant to Gosner stage 25 of the six
species in 96 hour aqueous exposures.

The results from these experiments were

compared to results from previous studies conducted by other researchers.
While unconfounded laboratory tests can provide information regarding the
potency of Roundup® brand herbicide formulations, environmental factors such as the
presence of sediment may mitigate exposures (by modifying bioavailability through
sorption, a fate pathway that could rapidly decrease exposure in situ) in the actual field
conditions and consequently alter responses. A portion of this research focused on the
sediment component of the anuran habitat as a potential mitigating factor.

The over-

arching objective of this laboratory study was to discern the role that sediments may have
in altering the toxicity of the original formulation of Roundup® and Roundup
WeatherMax® to larval anurans. Results from laboratory testing can provide information
illustrating the influence of sediments on exposures of these Roundup® formulations and
consequent toxicity. This study measured responses of six anuran species to exposures of
the two Roundup® formulations in laboratory aqueous tests. Effects of the Roundup®
herbicides on the six species were also measured in water-sediment exposures. Finally,
responses of anurans in both aqueous and water-sediment experiments were also
compared with results from previous studies conducted by other researchers.
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This thesis is comprised of three chapters that are presented as independent
manuscripts prepared for submission for publication. Therefore, some redundancy is
necessary among sections (i.e. Introduction, Materials and Methods, Results, and
Discussion).

These chapters,

Experimental Design for Acute Aqueous Laboratory

Toxicity Testing with Larval Anuran Amphibians, Comparative Toxicity of the Original
Formulation of Roundup® and Roundup WeatherMax® for Three Anuran Species, and
Role of Sediments in Modifying the Toxicity of two Roundup® Formulations to Six
Anuran Species will be submitted to the following journals for publication: Archives of
Environmental Contamination and Toxicology, Aquatic Toxicology, and Environmental
Toxicology and Chemistry, respectively.
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CHAPTER TWO
EXPERIMENTAL DESIGN FOR ACUTE AQUEOUS LABORATORY TOXICITY
TESTING WITH LARVAL ANURAN AMPHIBIANS

Introduction
Careful experimental design is crucial to accurately and precisely discern
responses of larval amphibians, particularly in the order Anura, to Roundup® exposures
in acute laboratory studies.

In order to fully characterize the concentration and time-

dependent response relationship for each species and to compare the potency estimates
among the tested species, experimental factors and conditions must be thoroughly
considered and incorporated. Factors such as source of animals, glyphosate formulation,
number of exposure concentrations, number of replicates, time to response, relative
sensitivities of species tested, and other experimental conditions may influence responses
observed and the utility and strength of the data derived from an experiment (Sprague
1973; Eaton and Klaassen 2001).
Currently, there is a concern regarding the global decline of amphibians and the
potential contribution by herbicides such as Roundup® (Houlahan et al. 2000; Sparling et
al. 2000). Previous laboratory toxicity tests with sensitive sentinel species and stages of
amphibians in the order Anura, have been useful for assessing relative risks to
amphibians of herbicide exposures resulting from field applications (Edginton et al.
2004; Thompson et al. 2004). Some investigators have suggested that concentrations of
Roundup® formulations found in actual field conditions as a result of incidental
exposures are insufficient to pose risks to amphibians (Solomon and Thompson 2003;
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Thompson et al. 2004; Edginton et al. 2004).

However, recent publications have

implicated Roundup® as the cause of significant amphibian mortality (Relyea 2005a,b,c).
Data from carefully designed laboratory studies could identify sensitive species to
Roundup® exposures.
Roundup® formulations contain a broad spectrum, post-emergent herbicide
primarily used for agricultural and forest management practices. The active ingredient,
glyphosate (Table 1.1), is the most intensely used herbicide in the United States with over
46 million kilograms of active ingredient applied in 2002 (Gianessi and Reigner 2006).
Formulations of glyphosate are primarily used for agriculture to control terrestrial weeds,
in connection with glyphosate-tolerant crop varieties or for no-till farming regimes, and
forestry management practices such as site preparation and herbaceous weed control
(Cantrell 1985; Nelson and Cantrell 2002).

Based on the needs of consumers and

improvements in the manufacturing process as well as changes in usage, formulations of
glyphosate herbicides may differ through time and based on their use. The original
formulation of Roundup® contains 29.7% of the isopropyl amine (IPA) salt of glyphosate
with 15% of a surfactant, polyethoxylated tallow amine (POEA) (Monsanto 2007a).
Another formulation, Roundup WeatherMax® is comprised of 39.9% of the potassium
salt of glyphosate with a proprietary surfactant (Monsanto 2007b).

Roundup®

formulations containing glyphosate and a surfactant are not specifically registered for use
in aquatic or wetland habitats; however, applications of these formulations adjacent to the
habitats can result in exposures of non-target species through drift, overspray, or runoff
(Edwards et al. 1980). These incidental exposures raise questions regarding the potential
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effects on non-target species such as anuran amphibians. Recently, questions have arisen
regarding the potential toxicity of glyphosate formulations to anurans that are incidentally
exposed as a result of herbicide applications (Edginton et al. 2004; Thompson et al. 2004;
Relyea 2005a,b,c).
Concerns regarding the responses of North American anurans to glyphosate
formulations can be addressed with data from unconfounded exposures. In order to
evaluate potential risks to anurans in forest and agricultural settings, acute-aquatic
laboratory toxicity tests can provide information regarding the sensitivity of sentinel
species to exposures.
Larval anurans, in Gosner stage 25 (Gosner 1960), are sensitive to exposures of
Roundup® formulations (Mann and Bidwell 1999; Edginton et al. 2004). Four species of
frogs common to the United States were selected as representatives for this experimental
design investigation: Northern leopard frog (Rana pipiens [Schreber, 1782]), bullfrog (R.
catesbeiana [Shaw, 1802]), Cope’s gray tree frog (Hyla chrysoscelis [Laurenti, 1768]),
and green frog (R. clamitans [Latreille, 1801]). These species were chosen based on
availability, use in previous studies (Edginton et al. 2004; Thompson et al. 2004; Howe
et al. 2004; and Wojtaszek et al. 2004) and because they are active during forest or
agricultural herbicide applications (Conant and Collins 1998, Martof et al. 1980) and may
be incidentally exposed to Roundup® formulations in shallow vernal pools and isolated
wetlands.
An experimental design that considers and holds constant relevant laboratory
conditions and produces precise, replicable data can assist in effectively evaluating the
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relative toxicity Roundup® formulations to larval anurans in a laboratory setting. Quality
Assurance/Quality Control (QA/QC) procedures as well as verification of exposures can
confirm the internal validity of testing. From the data, potency comparisons can provide
predictive data for actual field exposures. The overarching objective of this study was to
design experimental conditions to determine acute exposure-response relationships for
North American anurans. Exposure conditions required to discern the exposure-response
relationships and important risk information for these anuran amphibians can be
compared to other methods and guidelines. With appropriate data, we have the ability to
calculate the potency slopes of those relationships and associated variances as well as risk
estimation endpoints (i.e. LCx) with corresponding exposures. The experimental design
can provide data to further test models for prediction of responses of larval anuran
amphibians.
Materials and Methods
Test Organisms
R. pipiens and R. catesbeiana were purchased from vendors, and R. clamitans and
H. chrysoscelis were field-collected locally (Table 1.2). Care and management protocols
for the animals were based on guidelines developed by the Institute of Laboratory Animal
Resources (ILAR), the United States Environmental Protection Agency (USEPA), and
the American Society for Testing and Materials (ASTM) (Nace 1974; USEPA 2002;
ASTM 2008). Animals were held in Clemson University’s Aquatic Animal Research
Laboratory in 38L glass tanks and fed ad libitum twice daily (Nace 1974). Holding
chambers were cleaned daily and approximately half of the water was renewed every
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other day. Temperature, light quality, light intensity, photoperiod, water characteristics
and aeration were maintained within recommended ranges throughout laboratory holding
and testing periods (Nace 1974; USEPA 2002) (Tables 1.3, 1.4).
To initiate a toxicity test, organisms were allowed to develop to approximately
Gosner stage 25 (Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999). Animals
were eligible for testing if observations of external appearance and behavior indicated no
signs of disease or death, discoloration or unusual behavior. Populations were deemed
suitable for testing if mortality did not exceed 10% (ASTM 2008).
Test Substances and Dilution Water
The original formulation of Roundup® and Roundup WeatherMax® were obtained
from Monsanto Company (St. Louis, MO, USA). Prior to testing, a primary stock
solution was prepared with a nominal concentration of 1000 mg acid equivalents (AE)/L.
The dilution water for the stock solution was formulated using compound and elemental
ratios based on hardness and alkalinity ranges from water measurements throughout the
United States (Wetzel 2001; Sawyer et al. 1994) (Table 1.5). Exposure concentrations
were verified (see analytical procedures below) and expressed as acid equivalents (AE)/L
to facilitate comparisons with other studies.
Range-Finding Tests
Initial range-finding tests were conducted to establish a range of concentrations
that would capture the potency of each formulation for each test species. Based upon the
results, at least 10 exposure concentrations were utilized to elicit a discernible response
among species tested that included no response measured to complete mortality.
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Reference Toxicity Experimental Design
Copper sulfate pentahydrate (CuSO4×5H2O) (Copper 1999) was used as a
positive control (reference toxicant) to assess the relative sensitivity of laboratory
populations. Copper has been used extensively in previous toxicity testing which would
also facilitate comparisons to other animal species (Suedel et al. 1996; Chen et al. 2007;
Landé and Guttman 1973; Lombardi et al. 2002; Murray-Gulde 2002; Deaver et al.
1993). A 1000 mg Cu/L stock solution was diluted with laboratory water and seven
exposure concentrations were prepared and added to three liters of dilution water in each
3.8L exposure chamber. Reference toxicant tests were 96 hour, static, non-renewal with
three replicates containing 10 animals per replicate. A sample was collected from each
chamber for exposure verification.
Aqueous Toxicity Experimental Design
At least 10 exposure concentrations were prepared along with an untreated
control. Three liters of dilution water were added to each 3.8L exposure chamber. Prior
to adding the animals, a sample was taken from each chamber for analysis of glyphosate.
Toxicity tests were static, non-renewal exposures and animals were not fed during testing
to maintain water quality (ASTM 2008). Since Roundup® is relatively rapid-acting, 96hour tests were of sufficient duration to capture the responses of amphibians to typical
exposures (Reinert and Rodgers 1987; Franz et al. 1997; Solomon and Thompson 2003).
Tests included four replicates with 10 organisms per replicate. Number of surviving
animals was recorded at 24, 48, 72 and 96 hours. The unequivocal endpoint of interest
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was indicated by failure to respond to gentle prodding stimuli from a blunt instrument
(ASTM 2008).
Glyphosate Analysis
Prior to adding the animals, to initiate a test, water samples were taken from each
exposure chamber, stock solution, and dilution water, and placed into silanized glass
vials. Samples were placed in cold storage at 3°C until time of analysis. All samples
were derivatized then analyzed for glyphosate based on a standard curve using a Dionex,
UltiMate-3000 High Performance Liquid Chromatography (Sunnyvale, CA) system with
a variable wavelength detector and auto sampler (Miles and Moye 1988a; Powell et al.
1990). Calibration standards were provided by Monsanto Company. Samples were
eluted with HPLC grade acetonitrile (CH3CN) and 0.1% phosphoric acid (H3PO4). The
column used was an YMC-Pack ODS-AM with a 40 μL injection volume and a primary
wavelength of 500 nm.

Results were reported with a range of 85-115% recovery.

Glyphosate concentrations in each replicate per concentration were verified and the
measured values were averaged.
Copper Analysis
Samples for copper analysis were collected in 15 ml polypropylene tubes,
acidified with trace metal grade nitric acid (HNO3) and placed in 3°C cold storage until
time of analysis. At concentrations at or above 500 µg/L, flame atomic absorption was
performed according to the Analytical Method 200.1 (USEPA 1991). Samples less than
500 µg/L were analyzed using the graphite furnace technique used the Analytical Method
220.2 (USEPA 1979). A Perkin-Elmer Atomic Absorption Spectrophotometer, Model
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5100 PC (Shelton, CT) controlled by AA WIN-Lab software was used to analyze the
samples.
Statistical Analyses
Data were analyzed using SAS® software Version 9.1 (SAS 2007). Not all data
met the assumptions for parametric analysis. Where appropriate, probit analysis was
used to determine no observed effect concentrations (NOEC), lowest observed effect
concentrations (LOEC), LCx values and 95% confidence intervals (CI). Non-parametric
analysis of the response variable was conducted using two programs. The United States
Environmental Protection Agency (USEPA) MS-DOS application for trimmed
Spearman-Karber analysis was used to obtain LC50 values and 95% confidence intervals.
Non-parametric rank converted ANOVA’s with Dunnett’s test analyses were used to
determine NOEC and LOEC values in these cases. Differences in concentration-response
curves as a function of formulation type and species were tested for significance using
ANCOVA.

Regression analysis was used to generate potency slopes for each test

containing the NOEC, LOEC and LC50 data.
Results
Quality Assurance/Quality Control: Acceptability of Test
According to the USEPA, tests are acceptable if control mortality does not exceed
10% and specified conditions (dissolved oxygen, temperature, etc) fall within
specifications according to the experience and professional judgment of the laboratory
analyst, staff and regulatory authority (USEPA 2002). ASTM guidelines state that tests
are acceptable if all of the following parameters are met: test chambers and compartments
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are identical; treatments are randomly assigned to individual test chamber locations;
dilution-water control is included; tests organisms were treated for disease at least four
days prior to testing; test organisms were impartially or randomly assigned to test
chambers; and less than 10% of organisms in controls showed signs of death, disease or
stress (ASTM 2008).
Under these experimental conditions, control mortality did not exceed 7.5% for
any laboratory test.

Immediately prior to testing, initial water characteristics were

measured. Water conductivity averaged 156.0 µS/cm2 ± 8.3 (range: 144.1-179.0). The
mean dissolved oxygen was 8.1 mg/L ± 0.9 (5.2-9.5). The initial pH of site water
averaged 7.5 ± 0.2 (6.7-7.7). Hardness and alkalinity averaged 35 mg CaCO3/L ± 4.3
(26-44) and 41 mg CaCO3/L ± 3.4 (34-50) respectively. Temperature remained at 20°C ±
1 throughout holding and testing. Identical test chambers were randomly located and
organisms were impartially assigned to test chambers.
Range Finding Test—R. pipiens, R. clamitans
Initial concentrations were arrayed to capture responses of R. pipiens and
exposures of glyphosate formulation, a relatively sensitive species compared to other
species tested. This range of exposure concentrations provided 0-100% mortality and
four partial mortalities (USEPA 2002).

However, this range was not sufficient for

discerning responses of relatively insensitive species such as R. clamitans (Figure 1.1). If
LC50 values are desired with four partial mortalities, range-finding tests are needed for
each accession of species. Also, due to differences in the relative sensitivities between
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species and accessions of the same species, range finding tests are needed prior to
definitive toxicity testing.
Reference Toxicity Test—R. pipiens, H. chrysoscelis, R. clamitans
Use of a reference toxicant allows us to assign the variance in responses to actual
potency and sensitivity of a species or accession. Accessions of R. pipiens purchased
from vendors had 96-h LC50 values that ranged from 33 to 116 µg Cu/L. For field
collected accessions of H. chrysoscelis and R. clamitans, where we were able to better
control shipping and handling conditions, 96-h LC50 values ranged from 27 to 35 µg
Cu/L and 56 to 61 µg Cu/L, respectively (Table 1.6). Some variance may be due to the
sensitivity to the reference toxicant, however a substantial portion of that variance may be
due to shipping and handling conditions, and preconditions prior to shipment. Inherent
variability among and between accessions of anuran species supports the use of a
reference toxicant such as CuSO4×5H2O. With experience and acquisition of more
reference toxicity data, we can make appropriate adjustments to compare information
from laboratory-to-laboratory and through time.
Definitive Exposure Concentrations
Nominal concentrations were verified and measured values were used in data
analysis and statistics.

For the single occasion that measured values did not

monotonically increase with increasing response, nominal values were used for reporting.
Responses to Formulations—R. pipiens, R. catesbeiana, H. chrysoscelis, R. clamitans
Of the four species exposed to the original formulation of Roundup®, one
accession of R. pipiens was the most sensitive species with a 96-h LC50 of 1.80 mg AE/L.
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H. chrysoscelis and R. catesbeiana had similar 96-LC50 values of 2.50 and 2.77 mg
AE/L, respectively (p>0.05). R. clamitans was relatively insensitive (by a factor of
approx. 1.5) compared to the other species exposed to the original formulation of
Roundup® with a 96-h LC50 of 4.22 mg AE/L. R. catesbeiana and R. pipiens were
similarly sensitive to exposures of Roundup WeatherMax® with a 96-hr LC50’s of 1.97
and 2.27 mg AE/L, respectively (p>0.05).

R. clamitans and H. chrysoscelis were

relatively insensitive to exposures of Roundup WeatherMax® compared to other species
tested with 96-h LC50 values of 2.77 and 3.26 mg AE/L, respectively (Table 1.7). The
responses of the anuran species tested differed significantly between two formulations
(p<0.0001). Since the active ingredient of two formulations is similar, differences in
response to these formulations are likely due to the surfactant. These data emphasize the
need to evaluate responses of anuran species to formulations of glyphosate if the
formulations differ.
Changes in Confidence Intervals—Concentration and Replication
Tests with at least 10 concentrations and four replicates (in excess of the
minimum requirements of USEPA and ASTM) allowed us to explore, through
simulation, the conditions of tests with less concentrations, less strategy in allocation of
concentrations, as well as less replication.

Simulations were conducted using

concentration-response data from exposures of R. pipiens to the original formulation of
Roundup®. These data were used for these simulations because they encompassed the
exposure-response relationship as well as the endpoints of interest (i.e. LCx, NOEC,
LOEC, etc).
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R. pipiens was relatively sensitive to exposures of the original formulation of
Roundup® compared to other species tested with 96-h LC50 values of 1.80 mg AE/L,
respectively.

From the exposure-response data, the rate of change of the response

(potency slope) was calculated to indicate the magnitude of the effect of the exposure
concentration on toxicity (Dorn et al. 1993). R. pipiens had a precipitous potency slope
of 92.5 % mortality/mg AE/L for exposures of the original formulation of Roundup®.
For this simulation, the number of concentrations was trimmed from 10 to five.
Realistic initial concentrations were chosen (0.20, 0.25 and 0.50 mg AE/L) and were
adjusted with a geometric increase (ASTM 2008). Replication remained the same at four
replicates per concentration.

Regarding exposures of the original formulation of

Roundup® with at least 10 exposure concentrations, ranges of 95% CI for 96-h LC50, no
observed effect concentration (NOEC) and lowest observed effect concentration (LOEC)
were 0.15, 0.23 and 0.22 mg AE/L, respectively. In the simulation, changes in the ranges
increased compared to untrimmed data. Change in the ranges of 95% CI of the three
simulated concentrations ranged from 0.31-0.51 mg AE/L for 96-h LC50 values and
NOECs and LOECs were 0.45 and 0.41 mg AE/L, respectively (Table 1.8).
The change in the range of confidence intervals is inversely proportional to the
degree of replication.

The minimum recommended number of replicates for acute

toxicity tests is two according to current methods (ASTM 2008; USEPA 2002).
Replicates for simulated concentrations of 0.20, 0.25 and 0.50 were reduced from 4 to 3.
Change in ranges for 95% CI’s ranged from 0.37-0.58, 0.53-0.54, and 0.48-0.49 mg
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AE/L for 96-h LC50’s, NOECs and LOECs, respectively in simulated exposures to the
original formulation of Roundup® (Table 1.8).
Time to Response
Post hoc analysis of time to response was conducted using ANCOVA with
Dunnett’s analyses to determine time to response. Alpha was set to 0.10 to increase
power and the 96 hours was designated as the null hypothesis. There were no significant
differences in responses between 24, 48, 72, and 96 exposure durations for aqueous
exposures of the original formulation of Roundup® with the exception of R. clamitans.
Time to maximal response was 48 hours for R. clamitans when exposed to the original
formulation of Roundup®.

The time to saturate responses in aqueous exposures of

Roundup WeatherMax® was 24 hours for H. chrysoscelis and R. catesbeiana and 48
hours for R. clamitans and R. pipiens. Exposure duration of 48 hours was appropriate for
these test species; however we recommend that the adequacy of the test duration be
determined during range-finding tests (Figure 1.2).
Discussion
Determination of toxicity tests that should be performed and associated
experimental conditions depend on the eventual use of the chemical and the toxic effects
produced by that chemical. Acute toxicity tests provide quantitative estimates of acute
toxicity for comparison with other substances, identify target organisms and efficacy, and
provide exposure-response guidance for other studies (Eaton and Klaassen 2001).
Prominent species, such as anuran amphibians, are incidentally exposed to
herbicides. We need thorough, precise, and unconfounded laboratory tests to provide the
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initial data for ecological risk assessments. Experiments will vary as formulations and
relative sensitivities of the species tested vary. Careful testing done concurrently with
appropriate reference toxicity tests allowed for comparisons indicating variances (by a
factor ≥ 1.3) of potency of the two Roundup® formulations to anuran species. Rangefinding tests for individual test chemicals with limited or no background data are
necessary to array concentrations to capture a discernible response and measure the time
to response for each test species with minimal variance.
Standard protocols provided by entities such as ASTM and USEPA provide
guidance recommending minimum acceptable information and effort (e.g. minimum
concentrations, minimum replications, etc) which leads to maximal variance. Variances
in these data can over- or under-estimate toxicity and propagate risk assessment errors.
Experimental design factors decrease variability and increase precision by considering
the following: 1) range-finding tests, 2) reference toxicity tests, 3) the relative sensitivity
of the species tested, 4) differences in formulation, 5) the number of concentrations, 6)
the amount of replication, 7) test duration, 8) verification of exposures, and 9) other
conditions

necessary

for

acceptability
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of

tests.

Table 1.1. Structure and environmental properties of glyphosate.
Property
Value
Molecular formula
CAS No.

C3H8NO5P
1071-83-6

Water solubilitya (mg/L)

10,000-15,7000 at 25°C

log Kow1

–4.59 to –1.70
3

H (Pa-m /mol)

1.41 x 10-5

Koc (L/kg)2

9-60,000; geometric mean (n=28), 2,072

Kd2

3-1,188; geometric mean (n=28), 64

BCF

1

0.2-1.0

3

Photolysis half-life (d)4
4

Stable

Hydrolysis half-life (d)

Stable

Biodegradation half-life (d)5

60

1

Mackay et al. 1997

2

Giesy et al. 2000

3

Brandt 1983; Brandt 1984; Veith et al. 1979

4

WSSA 1983

5

Brandt 1983; WSSA 1983
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Table 1.2. Sources of six species of anurans used in laboratory toxicity
testing.
Species
R. pipiens 1
R. pipiens 2
R. pipiens 3
H. chrysoscelis 1
H. chrysoscelis 2
R. catesbeiana 1
R. catesbeiana 2
R. clamitans

Source
Nasco Fort Atkinson WI, USA
Wards Natural Science Rochester NY, USA
Carolina Biological Supply Co. Burlington NC, USA
Field collected, Pickens Co. SC, USA
Field collected, Greenwood Co. SC, USA
Sullivan Co. Nashville TN, USA
Carolina Biological Supply Co. Burlington NC, USA
Field collected, Pickens Co. SC, USA
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Table 1.3. Holding and testing conditions for larval anurans.
Test type
Static non-renewal
Duration
96 hours
Replicates/Treatment
4
Organisms per exposure chamber
10
Endpoint
Mortality
Size of testing chamber
3.8 liters
Volume of dilution in exposure chamber 3 liters
Age of animals1
Gosner 25
Simulated site water
Size of holding vessel
Volume of dilution in holding chamber2

Mod-hardness
38 liter aquarium
> 1 liter / 50 larvae

Feeding regime2
Temperature2

ad libitum (Holding)
Not fed (Testing)
20-25 oC

Light quality
Light intensity
Photoperiod
Aeration3

Cool White
86 ± 8.6 µE/sec
16:8 light:dark cycle
Single-bubble

1

Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999

2

Nace 1974

3

ASTM 2008
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Table 1.4. Water quality parameters and ranges.1
20-25°C
Temperature
pH
6.5-8.2
Salinity
0.0-0.3 g/L
Conductivity
Total Ammonia – N
Nitrite – N

≤ 1100 µS/cm2
≤ 2.0 mg/L
≤ 5.0 mg/L

Dissolved Oxygen (D.O)

≥ 4.0 mg O2/L

1

Nace 1974
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Table 1.5.

Compounds used for
formulating water.1

Compound
CaCO3
NaHCO3
MgSO4 x 7H2O
CaSO4 x 2H2O
CaCl2 x 2H2O
KCl
KNO3
K2PO4
Cu Standard2
Se Standard3
Zn Standard4

Amount

2.5mg/L
50.9mg/L
24mg/L
16.5mg/L
32.5mg/L
1.05mg/L
0.41mg/L
0.00917mg/L
0.22mL
0.11mL
0.22mL

1

Wetzel 2001; Sawyer et al. 1994
Copper 1997
3
Selenium 1997
4
Zinc 1997
2
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Table 1.6. Responses of three larval anurans to
96-h exposures of copper sulfate
pentahydrate.
µg Cu/L of CuSO4
LC50 (95% CI)1
SLOPE
R. pipiens

H. chrysoscelis
R. catesbeiana

33
58
116
27
35
56

(27-41)
(51-65)
(97-138)
NR
(32-38)
(50-63)

2.0
0.1
0.9
1.8
1.5
0.1

61
(55-67)
0.2
¹95% CI's provided if available through probit
analysis
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Table 1.7. Responses of four larval anuran species to the original formulation of

Roundup® and Roundup WeatherMax® in 96-h aqueous exposures.
Original formulation of Roundup® (mg AE/L of glyphosate)

96h LC50 (95%CI)1 NOEC (95%CI)1
R. pipiens
H. chrysoscelis
R. catesbeiana
R. clamitans

LOEC (95%CI)1

1.80 (1.73-1.88)
2.50 (2.38-2.63)
2.77 (2.66-2.89)
4.22 (4.02-4.42)

1.29 (1.16-1.39) 1.32 (1.19-1.41)
1.74
2.10
2.02
2.52
3.27
3.68
®
Roundup WeatherMax (mg AE/L of glyphosate)
96h LC50 (95%CI)1 NOEC (95%CI)1 LOEC (95%CI)1

1.33 (1.16-1.46)
R. catesbeiana 1.97 (1.89-2.06)
2.27 (2.18-2.36)
1.65 (1.48-1.77)
R. pipiens
2.77 (2.67-2.87)
1.91
R. clamitans
2.48
H. chrysoscelis 3.26 (3.14-3.38)
1
95% CI's provided if available through probit analysis
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1.37 (1.20-1.49)
1.68 (1.52-1.80)
2.37
2.87

SLOPE
92.5
44.7
66.9
24.3
SLOPE
63.0
65.5
62.2
49.3
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1

LOEC (95% CI), Δ1
1.32 (1.19-1.41), 0.22
1.40 (1.13-1.54), 0.41
1.44 (1.19-1.60), 0.41
1.44 (1.19-1.60), 0.41
1.35 (1.07-1.56), 0.49
1.43 (1.13-1.61), 0.48
1.43 (1.13-1.61), 0.48

Change in range of 95% confidence interval due to change in number and allocation of concentrations and degree of
replication

Original formulation of Roundup® (mg AE/L of glyphosate)
Number of
Range of
Number of
Concentrations Concentrations Replicates 96-h LC50 (95% CI), Δ1 NOEC (95% CI), Δ1
10
0.38-3.75
4
1.80 (1.73-1.88), 0.15
1.29 (1.16-1.39), 0.23
5
0.20-3.20
4
1.86 (1.67-2.18), 0.51
1.24 (0.97-1.42), 0.45
5
0.25-4.00
4
1.77 (1.61-1.92), 0.31
1.37 (1.08-1.53), 0.45
5
0.50-8.00
4
1.77 (1.61-1.92), 0.31
1.37 (1.08-1.53), 0.45
5
0.20-3.20
3
1.88 (1.66-2.24), 0.58
1.22 (0.90-1.44), 0.54
5
0.25-4.00
3
1.78 (1.60-1.97), 0.37
1.35 (1.01-1.54), 0.53
5
0.50-8.00
3
1.78 (1.60-1.97), 0.37
1.35 (1.01-1.54), 0.53

Table 1.8. Change in ranges of 95% confidence intervals due to number and allocation of concentrations and degree of
replication using responses of R. pipiens to the original formulation of Roundup®.

Figure 1.1. Responses of R. pipiens and R. clamitans to 96-h exposures of the original
formulation of Roundup®.
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Figure 1.2. Time to response for larval anurans to exposures of the original formulation
of Roundup® and Roundup WeatherMax®.
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CHAPTER THREE
COMPARATIVE TOXICITY OF THE ORIGINAL FORMULATION OF ROUNDUP®
AND ROUNDUP WEATHERMAX® FOR THREE ANURAN SPECIES

Introduction
Roundup® formulations contain a broad spectrum, post-emergent herbicide
primarily used for agricultural and forest management practices. The active ingredient,
glyphosate (Table 2.1), is the most intensely used herbicide in the United States with over
46 million kilograms of active ingredient applied in 2002 (Gianessi and Reigner 2006).
Formulations of glyphosate are primarily used in agriculture to control terrestrial weeds,
in connection with glyphosate-tolerant crop varieties or for no-till farming regimes, and
forestry management practices such as site preparation and herbaceous weed control
(Cantrell 1985; Nelson and Cantrell 2002).

The original formulation of Roundup®

contains 29.7% of the isopropyl amine (IPA) salt of glyphosate with 15% of a surfactant,
polyethoxylated tallow amine (POEA) (Monsanto 2007a).

Another formulation,

Roundup WeatherMax® is comprised of 39.9% of the potassium salt of glyphosate with a
proprietary surfactant (Monsanto 2007b). Applications of these formulations adjacent to
aquatic systems or ephemeral pools can result in exposures of non-target species through
drift, overspray, or runoff (Edwards et al. 1980).

These incidental exposures raise

questions regarding the potential effects on non-target species such as anuran amphibians.
Currently, there is a concern regarding the global decline of amphibians and the
potential contribution by herbicides such as Roundup® (Houlahan et al. 2000; Sparling et
al. 2000). Previous laboratory toxicity tests with sensitive sentinel species and stages of
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amphibians in the order Anura, have been useful for assessing relative risks to
amphibians of herbicide exposures resulting from field applications (Edginton et al.
2004; Thompson et al. 2004). Some investigators have suggested that concentrations of
Roundup® formulations found in actual field conditions as a result of incidental
exposures are insufficient to pose risks to amphibians (Solomon and Thompson 2003;
Thompson et al. 2004; Edginton et al. 2004). However, a recent publications have
implicated Roundup® as the cause of significant amphibian mortality (Relyea 2005a,b,c).
Data from carefully designed laboratory studies could identify sensitive species to
Roundup® exposures.
Larval anuran amphibians at Gosner Stage 25 (Gosner 1960) are sensitive to
exposures of Roundup® formulations (Mann and Bidwell 1999; Edginton et al. 2004;
Howe et al. 2004).

Three species of larval anurans were selected for laboratory

exposures to the original formulation of Roundup® and Roundup WeatherMax® in a 96
hour static, non-renewal aqueous experimental design. Bullfrog (Rana catesbeiana),
Fowler’s toad (B. fowleri), and Cope’s gray tree frog (Hyla chrysoscelis) were used as
sentinel species in laboratory testing due to the coincidence of their breeding seasons
with agricultural or silvicultural herbicide applications (Conant and Collins 1998; Martof
et al. 1980).
Laboratory studies can be used to discern differences in toxicity between the two
formulations of Roundup® which may be largely attributable to the surfactant present in
the formulation (Brausch and Smith 2006; Mann and Bidwell 2001; Wang et al. 2005).
These laboratory data are conservative due to the absence of confounding factors such as
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predation and factors mitigating exposures such as sediment (Suedel et al. 1993). Since
Roundup® is relatively rapid acting, 96-hour tests are sufficient duration to capture the
responses of amphibians to exposures (Reinert and Rodgers 1987; Franz et al. 1997;
Solomon and Thompson 2003). The primary objectives were to measure the toxicity of
the original formulation of Roundup® containing a POEA surfactant as well as the
toxicity of Roundup WeatherMax® with an unknown surfactant to R. catesbeiana, B.
fowleri, and H. chrysoscelis larva in unconfounded, 96 hour aqueous exposures. The
results from these experiments were compared to results from previous studies conducted
by other researchers.
Materials and Methods
Test Substances and Dilution Water
The original formulation of Roundup® and Roundup WeatherMax® were obtained
from Monsanto Company (St. Louis, MO, USA). Prior to testing, a primary stock
solution was prepared with a nominal concentration of 1000 mg AE/L. The dilution
water for the stock solution was formulated using compound and elemental ratios based
on hardness and alkalinity ranges from water measurements throughout the United States
(Wetzel 2001; Sawyer et al. 1994) (Table 2.2). Exposure concentrations were verified
(see analytical procedures below) and expressed as acid equivalents (AE)/L to facilitate
comparisons with other studies.
Test Organisms
Three species of anuran amphibians were selected for the laboratory study. B.
fowleri and H. chrysoscelis eggs were obtained from local collections from Pickens and
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Greenwood counties in South Carolina and R. catesbeiana eggs were purchased from
vendors (Table 2.3).

Animals were held in Clemson University’s Aquatic Animal

Research Laboratory in 38L glass tanks and fed ad libitum twice daily (Nace 1974).
Holding chambers were cleaned daily and approximately half of the water was renewed
every other day.

Temperature, light quality, light intensity, photoperiod, water

characteristics and aeration were maintained within recommended ranges (Nace 1974;
USEPA 2002) throughout laboratory holding and testing periods (Tables 2.4, 2.5)
To initiate a toxicity test, organisms were allowed to develop to approximately
Gosner stage 25 (Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999). Animals
were eligible for testing if observations of external appearance and behavior indicated no
signs of disease or death, discoloration or unusual behavior. Populations were considered
suitable for testing if mortality did not exceed 10% (ASTM 2008).
Aqueous Toxicity Experimental Design
Toxicity tests were static, non-renewal exposures and animals were not fed during
testing to maintain water quality (ASTM 2008). Three liters of dilution water were added
to each 3.8L exposure chamber. A stock solution was prepared along with at least 10
nominal exposure concentrations with four replicates per concentration and subsequently
added and stirred into each chamber. Prior to adding the animals, a sample was taken
from each chamber for analysis. Ten tadpoles were exposed in each replicate and the
number of surviving animals was recorded at 24, 48, 72 and 96 hours. An untreated
control was established with four replicates and 10 animals per chamber to represent
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unexposed conditions. The mortality endpoint was indicated by failure to respond to
gentle prodding stimuli from a blunt instrument (ASTM 2008).
Reference Toxicity Experimental Design
Copper sulfate pentahydrate (CuSO4×5H2O) (Copper 1999) was used as a
reference toxicant for this study due to the extensive use of copper in previous toxicity
testing (Suedel et al. 1996; Chen et al. 2007; Landé and Guttman 1973; Lombardi et al.
2002; Murray-Gulde 2002; Deaver et al. 1993). Copper provided a positive control
throughout this study to evaluate the relative sensitivity between laboratory populations.
A 1000 mg Cu/L stock solution was diluted with laboratory water and seven exposure
concentrations were prepared and added to three liters of dilution water in each 3.8L
exposure chamber. Reference toxicant tests were 96 hour, static, non-renewal with three
replicates containing 10 animals per replicate. A sample was collected from each
chamber for exposure verification
Analytical Procedure
Prior to adding the animals, water samples were taken from each exposure
chamber, stock solution, and dilution water, and placed into silanized glass vials.
Samples were placed in cold storage at 3°C until time of analysis. All samples were
derivatized then analyzed for glyphosate based on a standard curve using a Dionex,
UltiMate-3000 High Performance Liquid Chromatography (Sunnyvale, CA) system with
a variable wavelength detector and auto sampler (Miles and Moye 1988a; Powell et al.
1990). Calibration standards were provided by Monsanto Company. Samples were
eluted with HPLC grade acetonitrile (CH3CN) and 0.1% phosphoric acid (H3PO4). The
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column used was an YMC-Pack ODS-AM with a 40 μL injection volume and a primary
wavelength of 500 nm.

Results were reported with a range of 85-115% recovery.

Glyphosate concentrations in each replicate per concentration were verified and the
values were added and averaged.
Statistical Analyses
Data were analyzed using SAS® software Version 9.1 (SAS 2007). Not all data
met the assumptions for parametric analysis. Where appropriate, probit analysis was
used to determine no observed effect concentrations (NOEC), lowest observed effect
concentrations (LOEC), LCx values and 95% confidence intervals (CI). Non-parametric
analysis of the response variable was conducted using two programs. The United States
Environmental Protection Agency (USEPA) MS-DOS application for trimmed
Spearman-Karber analysis was used to obtain 96-h LC50 values and 95% confidence
intervals. Non-parametric rank converted ANOVA’s with Dunnett’s test analyses were
used to determine NOEC and LOEC values in these cases. Differences in concentrationresponse curves as a function of formulation type were tested for significance using
ANCOVA. A Shapiro-Wilk’s analysis was used to determine normality of 96-h LC50
data. Regression analysis was used to generate potency slopes for each test containing
the NOEC, LOEC and 96-h LC50 data.
Results
Quality Assurance and Quality Control
Control mortality did not exceed 5.0% for any laboratory test. Prior to testing,
initial water characteristics were measured. Water conductivity averaged 156.0 µS/cm2 ±

37

8.3 (range: 144.1-179.0). The mean dissolved oxygen was 8.1 mg/L ± 0.9 (5.2-9.5). The
initial pH of dilution averaged 7.5 ± 0.2 (6.7-7.7). Hardness and alkalinity averaged 35
mg CaCO3/L ± 4.3 (26-44) and 41 mg CaCO3/L ± 3.4 (34-50) respectively. Temperature
remained at 20°C ± 1 throughout holding and testing conditions.
Reference Toxicity Test
Responses to the copper sulfate pentahydrate (CuSO4×5H2O) positive control
ranged from B. fowleri to an accession of R. catesbeiana with 96-h LC50’s of 12 µg Cu/L
and 61 µg Cu/L, respectively.

A concurrent study exposed three other species, R.

pipiens, R. clamitans, and R. sphenocephala, to the reference toxicant and those 96-h
LC50 values ranged from 32.86 µg Cu/L to 116 µg Cu/L (Moore 2008). Previous studies
exposed species to CuSO4×5H2O including Ceriodaphnia dubia, Daphnia magna,
Hyalella azteca, Oncorhynchus mykiss, Bufo boreas, and Pimephales promelas.
Responses of these species range from C. dubia to P. promelas with 96-h LC50 values of
6 µg Cu/L to 67 µg Cu/L, respectively (USEPA 2007) (Table 2.6). These values were
distributed normally (p>0.05). Of the three species exposed in this study, B. fowleri and
two accessions of H. chrysoscelis were relatively sensitive to the reference toxicant with
96-h LC50 values of 12 µg Cu/L, 27 µg Cu/L, and 35 µg Cu/L. 96-h LC50 values for these
two species were below the average 96-h LC50 of 45 µg Cu/L (standard deviation ±32).
Two accessions of R. catesbeiana were below the 75th percentile of 65 µg Cu/L with 96-h
LC50 values of 56 µg Cu/L and 61 µg Cu/L, respectively.
Definitive Exposure Concentrations
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Nominal concentrations were verified and measured values were used in data
analysis and statistics. For the single occasion measured values did not monotonically
increase with increasing response, nominal values were used for reporting.
96-h LC50’s
B. fowleri and R. catesbeiana were less sensitive to exposures of the original
formulation of Roundup® compared to exposures of Roundup WeatherMax®.

H.

chrysoscelis was less sensitive to exposures of Roundup WeatherMax® compared to
exposures of the original formulation. Of the three species exposed to the original
formulation of Roundup®, H. chrysoscelis was the most sensitive species with a 96-h
LC50 of 2.50 mg AE/L. R. catesbeiana had a 96-h LC50 of 2.77 mg AE/L.

B. fowleri

was over 1.5 times less sensitive than the other species tested with a 96-h LC50 of 4.21
mg AE/L.

B. fowleri and R. catesbeiana were similarly sensitive to exposures of

Roundup WeatherMax® with 96-h LC50’s of 1.96 and 1.97 mg AE/L, respectively
(p=0.6098). H. chrysoscelis was almost 1.7 times less sensitive with a 96-h LC50 of 3.26
mg AE/L (Table 2.7) (Figures 2.1, 2.2).
Potency Slope and Threshold
The slopes of concentration-response data were calculated to compare the rate of
change of response (potency) for the species tested. The rate of change indicates the
magnitude of effect of the concentration on toxicity (Dorn et al. 1993). Threshold values
were estimated by averaging the NOEC and LOEC (Suter 1990). This value estimates
initiation of the increase in percent mortality with increasing concentration of herbicide.
Slope values are expressed as %mortality/mg AE/L. Potency slopes for exposures of the
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original formulation of Roundup® were 44.7, 47.2 and 66.9 for H. chrysoscelis, B.
fowleri, and R. catesbeiana, respectively. The threshold of B. fowleri was initiated at the
highest concentration of the species tested at 3.68 mg AE/L followed by R. catesbeiana
(2.27 mg AE/L) and H. chrysoscelis (1.92 mg AE/L).

For exposures of Roundup

WeatherMax®, H. chrysoscelis had a slope of 49.3 followed by R. catesbeiana (63.0) and
B. fowleri (84.2) with thresholds of 2.68 mg AE/L, 1.35 mg AE/L, and 1.55 mg AE/L
respectively (Table 2.7).
Margin of Safety
Margin of safety (MOS) was determined by the ratio: No observed effect
concentration (NOEC) divided by the Expected Environmental Concentration (EEC).
The EEC for the original formulation of Roundup® is 1.11 mg AE/L based on the median
label application rate of 1.89 L/A (calculated for 15.24 centimeter pond depth) (Monsanto
2007a). An application rate of 1.25 kg/A for Roundup WeatherMax® indicated an EEC’s
of 1.14 mg AE/L (Monsanto 2007b). Species with values greater than one were assumed
to have a margin of safety whereas those with values less than one would have increased
risk of impact from herbicide applications greater than the EEC. In exposures of the
original formulation of Roundup® and Roundup WeatherMax®, all MOS’s derived from
the median application rate were above 1 and ranged from H. chrysoscelis (1.57) to B.
fowleri (3.06) and B. fowleri (1.35) to H. chrysoscelis (2.18), respectively (Table 2.7).
Time to Response
Post hoc analysis of time to response was conducted using ANCOVA with
Dunnett’s analyses to determine time to response. Alpha was set to 0.1 to increase power
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and the 96 hours was designated as the null hypothesis. There were no significant
differences in response between 24, 48, 72, and 96 hours of exposure of the original
formulation of Roundup® for the three species. However, the time to saturate responses
to exposures of Roundup WeatherMax® for B. fowleri and R. catesbeiana was ≥ 48
hours.
Discussion
Three species of Gosner stage 25 anuran amphibians were exposed to two
formulations of herbicide:

the original formulation of Roundup® and Roundup

WeatherMax®, in 96-h static, nonrenewal aqueous toxicity tests.

A priori, it was

anticipated that the original formulation of Roundup®, containing the POEA surfactant
would be more toxic to anurans than the newer formulation, Roundup WeatherMax®,
with the proprietary surfactant. Two of three species were significantly less sensitive to
exposures of the original formulation of Roundup® compared to exposures of Roundup
WeatherMax®. Of the three species, H. chrysoscelis was sensitive to exposures of the
original formulation.

B. fowleri and R. catesbeiana were sensitive to exposures of

Roundup WeatherMax®.
Previous studies have shown that the major cause of toxicity to anurans from
Roundup® formulations is the surfactant (Folmar et al. 1979; Mann and Bidwell 2001;
Giesy et al. 2000; Solomon and Thompson 2003; Howe et al. 2004; Edginton et al.
2004). Two of three species tested had increased sensitivity to Roundup WeatherMax®
compared to the original formulation of Roundup®, and all of the species tested had
significantly different responses between the two formulations. The primary cause of the
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increased sensitivity to Roundup WeatherMax® is likely due to the change of the POEA
surfactant to the proprietary one.
Based on the thresholds for the species tested, all three species would respond to
concentrations above the median EEC for the original formulation of Roundup® and
Roundup WeatherMax® (1.11 mg AE/L) which indicated a margin of safety. These data
concur with previous studies which indicated that expected environmental concentrations
from the Roundup® label application rates do not yield exposures sufficient to elicit
significant mortality to anurans (Thompson et al 2004; Edginton et al. 2004).
Previous researchers have exposed sensitive species to concentrations of the
original formulation of Roundup®. Howe et al. (2004) reported 96-h LC50 values of 2.0
mg AE/L, 2.9 mg AE/L, >4.0 mg AE/L, and 5.1 mg AE/L for R. clamitans, R. pipiens, B.
americanus, and R. sylvatica respectively. Perkins et al. (2000) reported a 96-h LC50 of
9.3 mg AE/L for Xenopus laevis. Concurrent anuran toxicity testing with this study
reported 96-h LC50 values of 1.80 mg AE/L, 2.14 mg AE/L, and 4.22 mg AE/L for R.
pipiens, R. sphenocephala, and R. clamitans, respectively (Moore 2008). Other species
exposed to the original formulation of Roundup® in previous testing include Pimephales
promelas, Ceriodaphnia dubia, and Salmo gairdneri with 96-h LC50 values of 1.7 mg
AE/L, 5.4 mg AE/L and 6.1 mg AE/L, respectively (Folmar 1979; Tsui and Chu 2004)
(Table 2.7). A Shapiro-Wilk’s analysis was used to determine that 96-h LC50 values for
14 species were normally distributed (p>0.05) with a mean of 3.87 and a standard
deviation of ±2.11. H. chrysoscelis and R. catesbeiana were relatively sensitive species
with 96-h LC50 values below the average of the values reported. B. fowleri was above the
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average 96-h LC50 and below the 75th percentile.

Roundup WeatherMax® and its

proprietary surfactant had no aquatic toxicity test data available for comparison.
Variation in the responses of anuran species and their sensitivities relative to other
commonly tested animal species suggests that anuran amphibians should be evaluated for
ecological risk associated with applications of extensively used herbicides.
Careful experimental design is crucial to accurately discern responses of larval
anurans to glyphosate exposures in acute laboratory studies. The laboratory experiments
were designed to fully characterize the concentration and time-dependent response
relationship and margin of safety for each species and to compare the potency estimates
among the tested species. Factors such as glyphosate formulation, number of exposure
concentrations, number of replicates, time to response, relative sensitivity of the species
tested, utilization of unequivocal endpoints and others may influence responses observed
and the strength of the data. These data are conservative due to the lack of environmental
ligands such as sediment and biota; however, data from aqueous toxicity tests provide
information regarding the unconfounded potency of the original formulation of
Roundup® and Roundup WeatherMax® in order to isolate the exposure of interest.
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Table 2.1. Structure and environmental properties of glyphosate.
Property
Value
Molecular formula
CAS No.

C3H8NO5P
1071-83-6

Water solubilitya (mg/L)

10,000-15,7000 at 25°C

log

Kow1

–4.59 to –1.70
3

H (Pa-m /mol)

1.41 x 10-5

Koc (L/kg)2

9-60,000; geometric mean (n=28), 2,072

Kd

1

2

BCF

3-1,188; geometric mean (n=28), 64
0.2-1.0

3
4

Photolysis half-life (d)

Stable

4

Hydrolysis half-life (d)

Stable
5

Biodegradation half-life (d)

60

1

Mackay et al. 1997

2

Giesy et al. 2000

3

Brandt 1983; Brandt 1984; Veith et al. 1979

4

WSSA 1983

5

Brandt 1983; WSSA 1983
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Table 2.2.

Compounds used for
formulating water.1

Compound
CaCO3
NaHCO3
MgSO4 x 7H2O
CaSO4 x 2H2O
CaCl2 x 2H2O
KCl
KNO3
K2PO4
Cu Standard2
Se Standard3
Zn Standard4

Amount

2.5mg/L
50.9mg/L
24mg/L
16.5mg/L
32.5mg/L
1.05mg/L
0.41mg/L
0.00917mg/L
0.22mL
0.11mL
0.22mL

1

Wetzel 2001; Sawyer et al. 1994
Copper 1997
3
Selenium 1997
4
Zinc 1997
2
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Table 2.3. Sources of six species of anurans used in laboratory toxicity
testing.
Species
B. fowleri
H. chrysoscelis 1
H. chrysoscelis 2
R. catesbeiana 1
R. catesbeiana 2

Source
Field collected, Pickens Co. SC, USA
Field collected, Pickens Co. SC, USA
Field collected, Greenwood Co. SC, USA
Sullivan Co. Nashville TN, USA
Carolina Biological Supply Co. Burlington NC, USA
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Table 2.4. Holding and testing conditions for larval anurans.
Test type
Static non-renewal
Duration
96 hours
Replicates/Treatment
4
Organisms per exposure chamber
10
Endpoint
Mortality
Size of testing chamber
3.8 liters
Volume of dilution in exposure chamber 3 liters
Gosner 25
Age of animals1
Simulated site water
Size of holding vessel
Volume of dilution in holding chamber2

Mod-hardness
38 liter aquarium
> 1 liter / 50 larvae

Feeding regime2
Temperature2

ad libitum (Holding)
Not fed (Testing)
20-25 oC

Light quality
Light intensity
Photoperiod
Aeration3

Cool White
86 ± 8.6 µE/sec
16:8 light:dark cycle
Single-bubble

1

Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999

2

Nace 1974

3

ASTM 2008
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Table 2.5. Water quality parameters and ranges.1
Temperature
20-25°C
pH
6.5-8.2
Salinity
0.0-0.3 g/L
Conductivity
Total Ammonia – N
Nitrite – N

≤ 1100 µS/cm2
≤ 2.0 mg/L
≤ 5.0 mg/L

Dissolved Oxygen (D.O)

≥ 4.0 mg O2/L

1

Nace 1974
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Table 2.6. 96-h LC50 values for acute aqueous exposures of copper
sulfate.
Species

96-h LC50 (µg Cu/L)

Author

6

USEPA 2007

6
12

USEPA 2007

12

USEPA 2007
USEPA 2007

Rana pipiens2
Hyla chrysoscelis

22
27
33
35

Bufo boreas1
Rana catesbeiana

47
56

USEPA 2007

Rana pipiens2
Rana catesbeiana

58
61
70

Moore 2008

70

USEPA 2007

93

Moore 2008

116

Moore 2008

1

Ceriodaphnia dubia
Daphnia magna
Bufo fowleri

1

Hyalella azteca1
Oncorhynchus mykiss
Hyla chrysoscelis

1

Rana clamitans2
Pimephales promelas
Rana sphenocephala
2

Rana pipiens

1

2
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Moore 2008

Moore 2008
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®

NOEC1
1.54 (1.40-1.64)
1.33 (1.16-1.46)
2.48

96h LC501
1.96 (1.89-2.04)
1.97 (1.89-2.06)
3.26 (3.14-3.38)

H. chrysoscelis
R. catesbeiana
B. fowleri

B. fowleri
R. catesbeiana
H. chrysoscelis

95% CI's provided if available through probit analysis

Based on EEC for median label application rate

1

2

LOEC1
1.56 (1.42-1.66)
1.37 (1.20-1.49)
2.87
SLOPE
84.2
63.0
49.3

LOEC1
SLOPE
2.10
44.7
2.52
66.9
3.95
47.2
®
Roundup WeatherMax (mg AE/L of glyphosate)

NOEC1
1.74
2.02
3.40

96h LC501
2.50 (2.38-2.63)
2.77 (2.66-2.89)
4.21 (4.08-4.33)

Original formulation of Roundup® (mg AE/L of glyphosate)

Roundup WeatherMax® in 96-h aqueous exposures.

THRESH
1.55
1.35
2.68

THRESH
1.92
2.27
3.68
MOS2
1.35
1.17
2.86

MOS2
1.57
1.82
3.06

Table 2.7. Responses of three larval anuran species to the original formulation of Roundup and

Table 2.8. Species comparison of LC50 values for the original
formulation of Roundup® in acute 96-h aqueous toxicity
tests.
Species
Pimephales promelas
Rana pipiens
Rana clamitans
Rana sphenocephala
Hyla chrysoscelis
Rana catesbeiana
Rana pipiens
Bufo americanus
Bufo fowleri
Rana clamitans
Rana sylvatica
Ceriodaphnia dubia
Salmo gairdneri
Xenopus laevis
1

96-h LC50 (mg AE/L)1
1.7
1.8
2.0
2.1
2.5
2.8
2.9
4.0
4.2
4.2
5.1
5.4
6.1
9.3

Author
Folmar 1979
Moore et al. 2008
Howe et al. 2004
Moore et al. 2008
Fuentes et al. 2008
Fuentes et al. 2008
Howe et al. 2004
Howe et al. 2004
Fuentes et al. 2008
Moore et al. 2008
Howe et al. 2004
Tsui and Chu 2003
Folmar 1979
Perkins et al. 2000

Values originally published in mg/L converted to mg AE/L of
glyphosate for comparison
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Figure 2.1. Responses of three anuran species to 96-h aqueous exposures of the original
formulation of Roundup® and Roundup® WeatherMax.
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CHAPTER FOUR
ROLE OF SEDIMENTS IN MODIFYING THE TOXICITY OF TWO ROUNDUP®
FORMULATIONS TO SIX ANURAN SPECIES

Introduction
The potency of herbicides such as Roundup® can be discerned by aqueous
exposures in laboratory toxicity testing with bioavailability largely unconfounded by
environmental ligands contained in natural aquatic systems. Sediments provide binding
sites that can alter bioavailability and toxicity of herbicides (Sprankle et al 1975; Reinert
and Rodgers 1987). Glyphosate, the active ingredient of Roundup®, adsorbs to sediments
(Giesy et al. 2000; Sprankle et al. 1975; Goldsborough and Beck 1989; Zaranyika and
Nyandoro 1993).

Adsorption occurs rapidly within the first hour to 14 days post

treatment with a Kd of 3-1,188 (WHO 1994; Giesy et al. 2000; Goldsborough and Beck
1989; Franz et al. 1997). Bioavailability of glyphosate may also depend on the presence
of suspended solids, total organic carbon, clay, and soil microbes (WHO 1994; Franz et
al. 1997; Wang et al. 2005; Reinert and Rodgers 1987). Furthermore, competition can
exist between sediment and biota for glyphosate in terms of binding sites. The herbicide
has to sorb or bioconcentrate to produce a dose and elicit a response in the target species
as well as non-target species.

Affinity of the herbicide for sediment (Kd) and

consideration of masses of sediment, water and organisms are all necessary factors in
laboratory as well as field studies to accurately assess risks.

We can discern the

importance of competing ligands such as sediments in laboratory toxicity testing by
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conducting controlled experiments contrasting organism responses in water-only versus
sediment-and-water exposures.
Currently, there is concern regarding the global decline of amphibians and the
potential involvement of herbicides such as Roundup® (Houlahan et al. 2000; Birge et al.
2000).

Previous laboratory toxicity tests with sensitive sentinel species and stages of

amphibians in the order Anura, have been useful for assessing relative risks to
amphibians of herbicide exposures resulting from field applications (Edginton et al.
2004; Thompson et al. 2004). Some investigators have suggested that concentrations of
Roundup® formulations found in actual field conditions as a result of incidental
exposures are insufficient to pose risks to amphibians (Solomon and Thompson 2003;
Thompson et al. 2004; Edginton et al. 2004).

However, a recent publication has

implicated Roundup® as the cause of significant amphibian mortality and indicated that
the presence of soil in outdoor mesocosm exposures has little to no impact on survival
(Relyea 2005b).
Roundup® formulations contain a broad spectrum, post-emergent herbicide
primarily used for agricultural and forest management practices. The active ingredient,
glyphosate (Table 3.1), is the most intensely used herbicide in the United States with over
46 million kilograms of active ingredient applied in 2002 (Gianessi and Reigner 2006).
The original formulation of Roundup® contains 29.7% of the isopropyl amine (IPA) salt
of glyphosate with 15% of a surfactant, polyethoxylated tallow amine (POEA) (Monsanto
2007a). Another formulation, Roundup WeatherMax® is comprised of 39.9% of the
potassium salt of glyphosate with a proprietary surfactant (Monsanto 2007b).

54

Applications of these formulations could result in exposures of non-target species
through drift, overspray, or runoff (Edwards et al. 1980). These incidental exposures
raise questions regarding potential effects on non-target species such as anuran
amphibians.
Larval anurans, in Gosner stage 25 (Gosner 1960), are sensitive to exposures of
Roundup® formulations (Mann and Bidwell 1999; Edginton et al. 2004). Six species of
frogs and toads common to the continental United States were selected for this laboratory
study. Anuran species were chosen based on availability and use in previous studies
(Relyea 2005a,b,c; Edginton et al. 2004; Thompson et al. 2004; Howe et al. 2004; and
Wojtaszek et al. 2004). Five of the species are native to the southeastern U.S. including
bullfrog (Rana catesbeiana), southern leopard frog (R. sphenocephala), green frog (R.
clamitans), Fowler’s toad (Bufo fowleri), and Cope’s gray treefrog (Hyla chrysoscelis).
The sixth species, northern leopard frog (R. pipiens) is native to most of the northern and
western regions of the U.S.

These species are active during forest or agricultural

herbicide applications and may be incidentally exposed to Roundup® formulations in
shallow vernal pools (Conant and Collins 1998; Martof et al. 1980).
The over-arching objective of this laboratory study is to discern the role that
sediments may have in altering the toxicity of the original formulation of Roundup® and
Roundup WeatherMax® to larval anurans.

Results from laboratory testing can provide

information illustrating the influence of sediments on exposures of these Roundup®
formulations and consequent toxicity. This study measured responses of six anuran
species to exposures of the two Roundup® formulations in laboratory aqueous tests.
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Effects of the Roundup® herbicides on the six species were measured in water-sediment
exposures.

Finally, responses of anurans in both aqueous and water-sediment

experiments were also compared with results from previous studies conducted by other
researchers.
Materials and Methods
Test Substances and Dilution Water
The original formulation of Roundup® and Roundup WeatherMax® were obtained
from Monsanto Company (St. Louis, MO, USA). Prior to testing, a primary stock
solution was prepared with a nominal concentration of 1000 mg AE/L. The dilution
water for the stock solution was formulated using compound and micronutrient (ion)
ratios based on hardness and alkalinity ranges from water measurements throughout the
United States (Wetzel 2001; Sawyer et al. 1994) (Table 3.2). Exposure concentrations
were verified (see analytical procedures below) and expressed as acid equivalents (AE)/L
to facilitate comparisons with other studies.
Test Organisms
Six species of anuran amphibians were used for the laboratory study.

Test

organisms, R. sphenocephala, R. clamitans, B. fowleri, H. chrysoscelis, were obtained
from local collections of eggs in Pickens and Greenwood counties in South Carolina. R.
pipiens and R. catesbeiana were purchased from vendors (Table 3.3). Animals were held
in Clemson University’s Aquatic Animal Research Laboratory in 38L glass tanks and fed
ad libitum twice daily (Nace 1974).

Holding chambers were cleaned daily and

approximately half of the water was renewed every other day. Temperature, light quality,
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light intensity, photoperiod, water characteristics and aeration were maintained within
recommended ranges (Nace 1974; USEPA 2002) throughout laboratory holding and
testing periods (Tables 3.4, 3.5).
To initiate a toxicity test, organisms were allowed to develop to approximately
Gosner stage 25 (Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999). Animals
were eligible for testing if observations of external appearance and behavior indicated no
signs of disease or death, discoloration or unusual behavior. Populations were deemed
suitable for testing if mortality did not exceed 10% (ASTM 2008).
Aqueous Toxicity Experimental Design
Toxicity tests were static, non-renewal exposures and animals were not fed during
testing to maintain water quality (ASTM 2008). Three liters of dilution water were added
to each 3.8L exposure chamber. A stock solution was prepared along with at least 10
nominal exposure concentrations with four replicates per concentration and subsequently
added and stirred into each chamber. Prior to adding the animals, a sample was collected
from each chamber for analysis. Ten tadpoles were exposed in each replicate and the
number surviving was recorded at 24, 48, 72 and 96 hours. An untreated control was
established with four replicates and 10 animals per chamber to represent unexposed
conditions. The mortality endpoint was indicated by failure to respond to gentle prodding
stimuli from a blunt instrument (ASTM 2008).
Test Sediments
Sediment was collected from 18-mile Creek, Pickens County, SC in sealed
containers. The sediment was frozen at 3°C to eliminate potential predators, and allowed

57

to thaw and dry prior to testing (Suedel et al. 1993).

Sediment characteristics are

summarized in Table 3.6.
Water-Sediment Toxicity Experimental Design
Water-sediment toxicity tests were similar to aqueous tests and included the
sediment component with a water-sediment ratio of 4:1 (Suedel et al. 1993). After
adding sediment, three liters of dilution water were added to each exposure chamber and
allowed to settle for at least 24 hours. Formulations of Roundup® were added after the
settling period and gently stirred to minimize re-suspension of sediments.
Reference Toxicity Experimental Design
Copper sulfate pentahydrate (CuSO4×5H2O) (Copper 1999) was used as a
reference toxicant for this study due to the extensive use of copper in previous toxicity
testing (Suedel et al. 1996; Chen et al. 2007; Landé and Guttman 1973; Lombardi et al.
2002; Murray-Gulde 2002; Deaver et al. 1993). Copper provided a positive control
throughout this study to evaluate the relative sensitivity between laboratory populations.
A 1000 mg Cu/L stock solution was diluted with laboratory water and seven exposure
concentrations were prepared and added to three liters of dilution water in each 3.8L
testing vessel. Reference toxicant tests were 96 hour, static, non-renewal with three
replicates containing 10 animals per replicate. A sample was collected from each
chamber for exposure verification.
Analytical Procedure
Prior to adding the animals, water samples were collected from each exposure
chamber, stock solution, and dilution water, and placed into silanized glass vials.
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Samples were placed in cold storage at 3°C until time of analysis. All samples were
derivatized then analyzed for glyphosate based on a standard curve using a Dionex,
UltiMate-3000 High Performance Liquid Chromatography (Sunnyvale, CA) system with
a variable wavelength detector and auto sampler (Miles and Moye 1988a; Powell et al.
1990). Calibration standards were provided by Monsanto Company. Samples were
eluted with HPLC grade acetonitrile (CH3CN) and 0.1% phosphoric acid (H3PO4). The
column used was an YMC-Pack ODS-AM with a 40 μL injection volume and a primary
wavelength of 500 nm. Results were reported with a range of 85-115% recovery.
Statistical Analyses
Data were analyzed using SAS® software Version 9.1 (SAS 2007). Not all data
met the assumptions for parametric analysis. Where appropriate, probit analysis was
used to determine no observed effect concentrations (NOEC), lowest observed effect
concentrations (LOEC), LCx values and 95% confidence intervals (CI). Non-parametric
analysis of the response variable was conducted using two programs. The United States
Environmental Protection Agency (USEPA) MS-DOS application for trimmed
Spearman-Karber analysis was used to obtain LC50 values and 95% confidence intervals.
Non-parametric rank converted ANOVA’s with Dunnett’s test analyses were used to
determine NOEC and LOEC values in these cases. Differences in concentration-response
curves as a function of the presence of sediment and formulation type were tested for
significance using ANCOVA.

A Shapiro-Wilk’s analysis was used to determine

normality of 96-h LC50 data. For the purpose of determining significance, alpha was set
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at 0.05. Regression analysis was used to generate potency slopes for each test containing
the NOEC, LOEC and LC50 data.
Results
Quality Assurance/Quality Control
Control mortality did not exceed 7.5% for any laboratory test. Prior to testing,
initial water characteristics were measured. Water conductivity averaged 156.0 µS/cm2 ±
8.3 (range: 144.1-179.0). The mean dissolved oxygen was 8.1 mg/L ± 0.9 (5.2-9.5). The
initial pH of site water averaged 7.5 ± 0.2 (6.7-7.7). Hardness and alkalinity averaged 35
mg CaCO3/L ± 4.3 (26-44) and 41 mg CaCO3/L ± 3.4 (34-50) respectively. Temperature
remained at 20°C ± 1 throughout holding and testing conditions.
Reference Toxicity Test
Responses to the copper sulfate pentahydrate (CuSO4×5H2O) positive control
ranged from B. fowleri to an accession of R. pipiens with 96-h LC50’s of 12 µg Cu/L and
116 µg Cu/L, respectively. Previous studies exposed species to CuSO4×5H2O including
Ceriodaphnia dubia, Daphnia magna, Hyalella azteca, Oncorhynchus mykiss, Bufo
boreas, and Pimephales promelas. Responses of these species range from C. dubia to P.
promelas with LC50 values of 6 µg Cu/L to 67 µg Cu/L, respectively (USEPA 2007)
(Table 3.7). These values were distributed normally (p>0.05). Of the six anuran species,
B. fowleri, two accessions of H. chrysoscelis, and one accession of R. pipiens were
relatively sensitive to the reference toxicant. LC50 values for these three species were
below the average LC50 of 45 µg Cu/L (standard deviation ±32). Two accessions of R.
catesbeiana and one accession of R. pipiens, were below the 75th percentile of 65 µg
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Cu/L with LC50 values of 56 µg Cu/L, 58 µg Cu/L, and 61 µg Cu/L, respectively. R.
clamitans, R. sphenocephala, and one accession of R. pipiens were relatively insensitive
to exposures of the reference toxicant with LC50 values of 70 µg Cu/L, 93 µg Cu/L, and
116 µg Cu/L, respectively.
Definitive Exposure Concentrations
Nominal concentrations were verified and measured values were used in data
analysis and statistics. For the single occasion measured values did not monotonically
increase with increasing response, nominal values were used for reporting.
96-h LC50’s
In 96-hour aqueous toxicity tests, two of the six species tested were more
sensitive to the original formulation of Roundup®.

However, four of the six species

exposed to Roundup WeatherMax® were more sensitive as indicated by the 96-h LC50
data (Tables 3.8, 3.9). R. pipiens was the most sensitive of the species tested with a 96-h
LC50 of 1.80 mg AE/L (95% CI=1.73-1.88) for exposures of the original formulation of
Roundup® and R. clamitans was the least sensitive with an 96-h LC50 of 4.22 mg AE/L
(4.02-4.42). R. sphenocephala was the most sensitive to aqueous exposures of Roundup
WeatherMax® with a 96-h LC50 of 1.33 mg AE/L (1.22-1.45) and H. chrysoscelis was
over two times less sensitive with a 96-h LC50 of 3.26 mg AE/L (3.14-3.38). All six
species were more sensitive to water-sediment exposures of Roundup WeatherMax®
compared to the original formulation of Roundup®. In water-sediment exposures of the
original formulation of Roundup®, sensitivity ranged from H. chrysoscelis to R.
clamitans with 96-h LC50’s of 4.37 mg AE/L (4.17-4.62) and 8.26 mg AE/L (8.04-8.49),
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respectively. R. pipiens was the most sensitive to exposures of Roundup WeatherMax®
(96-h LC50 2.94 mg AE/L [2.82-3.07]) and the species with the least sensitivity was R.
clamitans (96-h LC50 4.45 mg AE/L [4.29-4.84]) with less than a factor of two between
the most- and least-sensitive species (Figures 3.1, 3.2).
Exposure-Response Curves
In water-sediment 96-hour toxicity tests with exposures of Roundup®
formulations, five of six species tested had exposure-response curves that shifted to
greater exposure concentration due to the presence of sediment.

Responses of R.

catesbeiana, R. pipiens, R. sphenocephala, R. clamitans, and B. fowleri differed in watersediment exposures for both the original formulation of Roundup® and Roundup
WeatherMax® compared with responses in aqueous exposures (p<0.0063).

For the

original formulation of Roundup®, H. chrysoscelis, responses in water-sediment tests
differed significantly from responses in aqueous exposures (p=0.0001).

However,

responses of H. chrysoscelis to aqueous and water-sediment exposures of Roundup
WeatherMax® did not differ significantly (p=0.0663).
Potency Slopes, Thresholds, and Sensitivity Factors
The slopes of concentration-response data were calculated to compare the rate of
change of response (potency) for the species tested. The rate of change indicates the
magnitude of effect of the concentration on toxicity (Dorn et al. 1993). Threshold values
were determined by averaging the NOEC and LOEC (Suter 1990). This value estimates
initiation of the increase in percent mortality with increasing concentration of herbicide.
Slope values are expressed as %mortality/mg AE/L. Potency slopes ranged from 24.3 (R.
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clamitans) to 92.5 (R. pipiens) in aqueous exposures of the original formulation of
Roundup®. Thresholds ranged from 1.31 mg AE/L (R. pipiens) to 3.68 mg AE/L (B.
fowleri). In aqueous exposures of Roundup WeatherMax®, slopes ranged from 49.3 (H.
chrysoscelis) to 84.2 (B. fowleri). Responses were initiated between 1.35 mg AE/L and
2.68 mg AE/L for R. catesbeiana and H. chrysoscelis, respectively.
Slopes for water-sediment exposures of the original formulation of Roundup®
ranged from 14.8 (R. catesbeiana) to 31.3 (B. fowleri). H. chrysoscelis had a relatively
low threshold (2.81 mg AE/L) and R. clamitans had the highest (6.19 mg AE/L) for the
species tested. Rates of change for water-sediment exposures of Roundup WeatherMax®
ranged from 24.1 (R. clamitans) to 46.2 (H. chrysoscelis). Thresholds ranged from 2.40
mg AE/L (R. pipiens) to 3.60 mg AE/L (R. sphenocephala) (Tables 3.8, 3.9). Exposureresponse slopes for R. clamitans in water-sediment exposures of both formulations did
not differ significantly compared to aqueous tests (p>0.06).
There was a change in bioavailable glyphosate due to the presence of sediments
over time.

However, mode of action was not apparently altered (Sprague 1973).

Changes in response of sensitive species compared to insensitive species were greater due
to an incremental change in bioavailability as seen in Figure 3.4.
Sensitivity factors were calculated using the ratio: 96-h LC50 water-sediment ÷
96-h LC50 aqueous. In exposures of the original formulation of Roundup®, R. pipiens
was 2.7 times less sensitive in water-sediment exposures compared to aqueous followed
by R. sphenocephala (2.5), R. catesbeiana (2.2), R. clamitans (2.0), H. chrysoscelis (1.8)
and B. fowleri (1.4). The change in response due to the presence of sediment for
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exposures of Roundup WeatherMax® was less apparent. This was demonstrated by a
smaller average sensitivity factor among the species tested (1.7) compared to exposures
of the original formulation (2.1). R. sphenocephala was 2.7 times less sensitive to
exposures of Roundup WeatherMax® in the presence of sediment followed by B. fowleri
(1.8), R. clamitans (1.7), R. catesbeiana (1.6), R. pipiens (1.3), and H. chrysoscelis (1.2).
Margin of Safety
Margin of safety (MOS) was determined by the ratio: No observed effect
concentration (NOEC) divided by the Expected Environmental Concentration (EEC).
The EEC (calculated for 15.24 centimeter pond depth) for the original formulation of
Roundup® is 2.77 mg AE/L based on the highest label application rate of 4.73 L/A
(Monsanto 2007a). Highest application rates of 3.12 L/A for Roundup WeatherMax®
indicated an EEC of 2.74 mg AE/L (Monsanto 2007b). Species with values greater than
one were assumed to have a margin of safety whereas those with values less than one
would have increased risk of impact from herbicide applications greater than the EEC. In
water-sediment exposures of the original formulation of Roundup®, all six species had
MOS values greater than or equal to 1 with a range of 1.00-1.93. MOS values for
Roundup WeatherMax® ranged from 0.79-1.17 and four of the six species had values less
than 1.
Time to Response
Post hoc analysis of time to response was conducted using ANCOVA with
Dunnett’s analyses to determine time to response (Figure 3.4). Alpha was set to 0.1 to
increase power and the 96 hours was designated as the null hypothesis. There were no
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significant differences in responses between 24, 48, 72, and 96 exposure durations for
aqueous and water-sediment exposures of the original formulation of Roundup® with the
exception of R. clamitans in aqueous exposures and R. sphenocephala in the presence of
sediment. The time to maximal response was < 48 hours for these tests. The time to
saturate responses in aqueous and water-sediment exposures of Roundup WeatherMax®
was ≤ 48 hours for four out of six species tested. Time to response for aqueous tests was
72 hours for B. fowleri, 48 hours for R. clamitans and R. pipiens, and 96 hours for R.
sphenocephala.

In water-sediment exposures of Roundup WeatherMax® time to

response for B. fowleri, R. catesbeiana, R. clamitans, and R. pipiens was 48 hours.
Discussion
Six species of Gosner stage 25 anuran amphibians were exposed to two
formulations of herbicide:

the original formulation of Roundup® and Roundup

WeatherMax®. We tested each formulation in separate aqueous and water-sediment
experimental designs.

A priori, it was anticipated that the original formulation of

Roundup® would be more toxic to anurans than the newer formulation, Roundup
WeatherMax®. Four species were significantly less sensitive to aqueous exposures of the
original formulation of Roundup® compared to aqueous exposures of Roundup
WeatherMax®. The remaining two species were less sensitive to Roundup WeatherMax®
as indicated by 96-h LC50 values. In water-sediment exposures, all six species were less
sensitive to the original formulation compared to water-sediment exposures of Roundup
WeatherMax®.
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Regarding the role of sediment in exposures of the two formulations, sediment
significantly altered the toxicity in all cases except for H. chrysoscelis exposures to
Roundup WeatherMax®. We suggest that bioavailability was altered in the presence of
sediments due to the majority of significantly different potency slopes between aqueous
and water-sediment exposures. From these data, sediments have a significant role in
decreasing the toxicity by altering bioavailability in the majority of exposures.
Previous studies have shown that the major cause of toxicity to anurans from
Roundup® formulations is the surfactant (Folmar et al. 1979; Mann and Bidwell 2001;
Giesy et al. 2000; Solomon and Thompson 2003; Howe et al. 2004; Edginton et al.
2004). The primary cause of the increased sensitivity to Roundup WeatherMax® is likely
due to the change from the POEA surfactant to the proprietary one.
Based upon predicted environmental concentrations from the Roundup® label,
application rates do not produce exposures sufficient to elicit significant mortality to
individual anurans (Thompson et al 2004; Edginton et al. 2004).

At the highest

application rates of 4.73 and 3.12 L/A (Monsanto 2007a,b), expected environmental
concentrations would not exceed 2.77 and 2.74 mg AE/L (calculated for 15.24 centimeter
pond depth) for the original formulation of Roundup® and Roundup WeatherMax®
respectively. In water-sediment exposures of the original formulation, all of the response
thresholds estimated for the species tested were above 2.77 mg AE/L. H. chrysoscelis
and R. pipiens responded at a threshold below 2.74 mg AE/L when exposed to Roundup
WeatherMax® for 96 hours. MOS values indicated that all six species tested had a
margin of safety in water-sediment exposures of original formulation of Roundup® and
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two species had a margin of safety when exposure to Roundup WeatherMax®. The
presence of competing ligands in actual field applications would further increase the
margin of safety.
The active ingredient in Roundup® herbicides has a relatively high water
solubility of 10,000 to 15,700 mg/L (Mackay et al. 1997). Glyphosate is readily ionized
in water and, as an anion, will be strongly adsorbed to sediments (Solomon and
Thompson 2003). This affinity results in inactivation of the compound (Reinert and
Rodgers 1987).

The amount of sorption is dependent upon the presence of available

phosphate binding sites, the presence of iron and aluminum, and combinations of clay
and organic matter (Hance 1976; Glass 1987; Sprankle et al. 1975; Miles and Moye,
1988b). Once glyphosate is adsorbed to sediment, it poses minimal risk to aquatic
species (Major et al. 2003). During incidental exposures in the field, sediments and plant
matter present in aquatic systems and ephemeral pools provide significantly more binding
sites for glyphosate compared to a relatively small amount of ligands from anurans in a
sensitive stage of development. If used according to label instructions, the original
formulation of Roundup® and Roundup WeatherMax® herbicides should pose minimal
risk to anuran amphibians in actual field applications.
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Table 3.1. Structure and environmental properties of glyphosate.
Property
Value
Molecular formula
CAS No.

C3H8NO5P
1071-83-6

Water solubilitya (mg/L)

10,000-15,7000 at 25°C

log Kow1

–4.59 to –1.70
3

H (Pa-m /mol)

1.41 x 10-5

Koc (L/kg)2

9-60,000; geometric mean (n=28), 2,072

Kd2

3-1,188; geometric mean (n=28), 64

BCF

1

0.2-1.0

3

Photolysis half-life (d)4
4

Stable

Hydrolysis half-life (d)

Stable

Biodegradation half-life (d)5

60

1

Mackay et al. 1997

2

Giesy et al. 2000

3

Brandt 1983; Brandt 1984; Veith et al. 1979

4

WSSA 1983

5

Brandt 1983; WSSA 1983
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Table 3.2.

Compounds used for
formulating water.1

Compound
CaCO3
NaHCO3
MgSO4 x 7H2O
CaSO4 x 2H2O
CaCl2 x 2H2O
KCl
KNO3
K2PO4
Cu Standard2
Se Standard3
Zn Standard4

Amount

2.5mg/L
50.9mg/L
24mg/L
16.5mg/L
32.5mg/L
1.05mg/L
0.41mg/L
0.00917mg/L
0.22mL
0.11mL
0.22mL

1

Wetzel 2001; Sawyer et al. 1994
Copper 1997
3
Selenium 1997
4
Zinc 1997
2
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Table 3.3. Sources of six species of anurans used in laboratory toxicity
testing.
Species
R. sphenocephala
R. clamitans
B. fowleri
H. chrysoscelis 1
H. chrysoscelis 2
R. catesbeiana 1
R. catesbeiana 2
R. pipiens 1
R. pipiens 2
R. pipiens 3

Source
Field collected, Pickens Co. SC, USA
Field collected, Pickens Co. SC, USA
Field collected, Pickens Co. SC, USA
Field collected, Pickens Co. SC, USA
Field collected, Greenwood Co. SC, USA
Sullivan Co. Nashville TN, USA
Carolina Biological Supply Co. Burlington NC, USA
Nasco Fort Atkinson WI, USA
Wards Natural Science Rochester NY, USA
Carolina Biological Supply Co. Burlington NC, USA
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Table 3.4. Holding and testing conditions for larval anurans.
Test type
Static non-renewal
Duration
96 hours
Replicates/Treatment
4
Organisms per exposure chamber
10
Endpoint
Mortality
Size of testing chamber
3.8 liters
Volume of dilution in exposure chamber 3 liters
Water-Sediment ratio1
4:1
Age of animals2

Gosner 25

Simulated site water
Size of holding vessel
Volume of dilution in holding chamber3

Mod-hardness
38 liter aquarium
> 1 liter / 50 larvae

Feeding regime3
Temperature3

ad libitum (Holding)
Not fed (Testing)
20-25 oC

Light quality
Light intensity
Photoperiod
Aeration4

Cool White
86 ± 8.6 µE/sec
16:8 light:dark cycle
Single-bubble

1

Suedel et al. 1993

2

Gosner 1960; Edginton et al. 2004; Mann and Bidwell 1999

3

Nace 1974

4

ASTM 2008
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Table 3.5. Water quality parameters and ranges.1
20-25°C
Temperature
pH
6.5-8.2
Salinity
0.0-0.3 g/L
Conductivity
Total Ammonia – N
Nitrite – N

≤ 1100 µS/cm2
≤ 2.0 mg/L
≤ 5.0 mg/L

Dissolved Oxygen (D.O)

≥ 4.0 mg O2/L

1

Nace 1974

72

Table 3.6. 18 Mile Creek sediment characteristics.
pH
6.87
Bulk density
75%
Organic matter
1.80%
Sand
87.27%
Silt
6.30%
Clay
6.43%
Total CEC
2.7 me/100g
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Table 3.7. 96-h LC50 values for acute aqueous
exposures of copper sulfate.
µg Cu/L of CuSO4
Species

LC50
1

6

Ceriodaphnia dubia
Daphnia magna
Bufo fowleri

1

6
12

Hyalella azteca1
Oncorhynchus mykiss
Hyla chrysoscelis
Rana pipiens
Hyla chrysoscelis

12
1

22
27
33
35

Bufo boreas1
Rana catesbeiana
Rana pipiens
Rana catesbeiana
Rana clamitans

47
56
58
61
70

Pimephales promelas1
Rana sphenocephala
Rana pipiens

70
93
116

1

USEPA 2007

74
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LOEC¹
2.85 (2.55-3.09)
3.86
4.55
5.20
4.90 (4.42-5.21)
7.03

96h LC50
NOEC¹
4.37 (4.17-4.62) 2.76 (2.43-3.00)
H. chrysoscelis
4.83 (4.83-5.16)
2.96
R. pipiens
3.53
R. sphenocephala 5.13 (4.87-5.41)
5.84 (5.59-6.10)
4.41
B. fowleri
6.09 (5.83-6.40) 4.84 (4.35-5.17)
R. catesbeiana
8.26 (8.04-8.49)
5.34
R. clamitans
¹95% CI's provided if available through probit analysis
2
Based on EEC for highest label application rate

R. pipiens
R. sphenocephala
H. chrysoscelis
R. catesbeiana
B. fowleri
R. clamitans
Water-sediment

LOEC¹
1.32 (1.19-1.41)
1.81
2.10
2.52
3.95
3.68

96h LC501
1.80 (1.73-1.88)
2.05 (1.90-2.20)
2.50 (2.38-2.63)
2.77 (2.66-2.89)
4.21 (4.08-4.33)
4.22 (4.02-4.42)
NOEC¹
1.29 (1.16-1.39)
1.52
1.74
2.02
3.40
3.27

Aqueous

SLOPE
29.4
22.6
21.3
31.3
14.8
21.7

SLOPE
92.5
47.9
44.7
66.9
47.2
24.3

Original formulation of Roundup® (mg AE/L of glyphosate)

THRESH MOS2
2.81
1.00
3.41
1.07
4.04
1.27
4.81
1.59
4.87
1.75
6.19
1.93

THRESH MOS2
1.31
0.47
1.67
0.55
1.92
0.63
2.27
0.73
3.68
1.23
3.48
1.18

Table 3.8. Responses of six larval anuran species to the original formulation of Roundup® in aqueous
and water-sediment exposures.
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Table 3.9. Responses of six larval anuran species to Roundup WeatherMax® in aqueous and watersediment exposures.
Roundup WeatherMax® (mg AE/L of glyphosate)
Aqueous
NOEC¹
LOEC¹
SLOPE THRESH MOS2
96h LC501
1.33 (1.22-1.45)
0.68
0.98
54.7
0.83
0.25
R. sphenocephala
1.96 (1.89-2.04) 1.54 (1.40-1.64) 1.56 (1.42-1.66)
84.2
1.55
0.56
B. fowleri
1.97 (1.89-2.06) 1.33 (1.16-1.46) 1.37 (1.20-1.49)
63.0
1.35
0.49
R. catesbeiana
2.27 (2.18-2.36) 1.65 (1.48-1.77) 1.68 (1.52-1.80)
65.5
1.67
0.60
R. pipiens
2.77 (2.67-2.87)
1.91
2.37
62.2
2.14
0.70
R. clamitans
3.26 (3.14-3.38)
2.48
2.87
49.3
2.68
0.91
H. chrysoscelis
Water-sediment
NOEC¹
LOEC¹
SLOPE THRESH MOS2
96h LC50
2.94 (2.82-3.07)
2.20
2.60
34.5
2.40
0.79
R. pipiens
3.08 (2.95-3.22)
2.75
3.00
34.9
2.88
0.99
R. catesbeiana
3.54 (3.42-3.67) 2.73 (2.54-2.88) 2.78 (2.59-2.92
36.5
2.76
0.99
B. fowleri
3.57 (3.46-3.69)
3.25
3.95
44.2
3.60
1.17
R. sphenocephala
3.75 (3.61-3.88)
2.66
2.80
46.2
2.73
0.96
H. chrysoscelis
4.56 (4.29-4.84)
2.77
3.98
24.1
3.38
1.00
R. clamitans
¹95% CI's provided if available through probit analysis
2
Based on EEC for highest label application rate

Rana pipiens

Aqueous
Water-sediment
0.00

2.00

4.00

6.00

Rana catesbeiana

100
90
80
70
60
50
40
30
20
10
0

% mortality

% mortality

100
90
80
70
60
50
40
30
20
10
0

8.00

Aqueous
Water-sediment
0.00

[glyphosate] mg AE/L

4.00

6.00

8.00

Aqueous
Water-sediment

% mortality

% mortality

2.00

0.00

10.00

Hyla chrysoscelis

4.00

6.00

6.00

8.00

% mortality

% mortality

2.00

4.00

Rana clamitans

100
90
80
70
60
50
40
30
20
10
0

Aqueous
Water-sediment
0.00

2.00

[glyphosate] mg AE/L

[glyphosate] mg AE/L

100
90
80
70
60
50
40
30
20
10
0

15.00

Bufo fowleri

100
90
80
70
60
50
40
30
20
10
0

Aqueous
Water-sediment
0.00

10.00

[glyphosate] mg AE/L

Rana sphenocephala

100
90
80
70
60
50
40
30
20
10
0

5.00

8.00

[glyphosate] mg AE/L

Aqueous
Water-sediment
0.00

5.00

10.00

15.00

[glyphosate] mg AE/L

Figure 3.1. Responses of six anuran species to aqueous and water-sediment exposures to
the original formulation of Roundup®.
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Figure 3.2. Responses of six anuran species to aqueous and water-sediment exposures to
Roundup WeatherMax®.

78

100
Sensitive species

90

Insensitive species

Approx. 4 animals

80

Response

70
60
50
40
30
20
Approx. 1 animal

10
0
0

2

4

6

8

10

[ ] mg/L

Figure 3.3. Comparison of responses between sensitive and insensitive species to
incremental changes in concentration.
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Figure 3.4. Time to response of six larval anurans to exposures of two formulations of
Roundup®.
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CHAPTER FIVE
CONCLUSIONS
There are concerns regarding the status and welfare of amphibians.

Global

declines have been reported and numerous species and populations are at risk. There are
a myriad of possible causes including a potential contribution from Roundup® herbicides.
Amphibians, particularly in the order Anura, may be incidentally exposed to formulations
of Roundup® through drift, overspray and runoff during sensitive larval stages. These
incidental exposures raise questions regarding potential effects on these non-target
species.

Responses of anurans to two Roundup® formulations were assessed with

carefully designed laboratory experiments.
We need thorough, accurate, and unconfounded laboratory tests to provide the
initial data for ecological risk assessments. Experiments will vary as formulations and
relative sensitivities of the species tested vary. Careful testing done simultaneously or
with appropriate reference toxicity tests allowed for comparisons indicating variances (by
a factor ≥ 1.3) of potency of the two Roundup® formulations to anuran species. Rangefinding tests for individual test chemicals with limited or no background data are
necessary to array concentrations to capture a discernible response and measure the time
to response for each test species with minimal variance.
Standard protocols provided by organizations such as ASTM and USEPA provide
guidance recommending minimum acceptable information and effort (e.g. minimum
concentrations, minimum replications, etc) which leads to maximal variance. Variances
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in these data can propagate risk assessment errors. Experimental design factors decrease
variability and increase precision and accuracy by considering the following: 1) rangefinding tests; 2) reference toxicity tests; 3) the relative sensitivity of the species tested; 4)
differences in formulation; 5) the number of concentrations; 6) the amount of replication;
7) test duration; 8) verification of exposures; and 9) other conditions necessary for
acceptability of tests.
Acute aqueous laboratory studies can be used to discern differences in toxicity
between the two formulations of Roundup®, the original formulation of Roundup® and
Roundup WeatherMax®, which may be largely attributable to the surfactant present in the
formulation (Brausch and Smith 2006; Mann and Bidwell 2001; Wang et al. 2004).
These laboratory data are conservative due to the absence of confounding factors such as
predation and factors mitigating exposures such as sediment (Suedel et al. 1993).
Three species of Gosner stage 25 anuran amphibians were exposed to two
formulations of herbicide:

the original formulation of Roundup® and Roundup

WeatherMax®, in 96-h static, nonrenewal aqueous toxicity tests.

A priori, it was

anticipated that the original formulation of Roundup®, containing the POEA surfactant
would be more toxic to anurans than the newer formulation, Roundup WeatherMax®,
with the proprietary surfactant. Two out of three species were significantly less sensitive
to exposures of the original formulation of Roundup® compared to exposures of Roundup
WeatherMax®. Of the three species, H. chrysoscelis was the most sensitive to exposures
of the original formulation. B. fowleri and R. catesbeiana were the most sensitive to
exposures of Roundup WeatherMax®. Although these data are conservative due to the
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lack of environmental ligands such as sediment and biota, data from aqueous toxicity
tests provide information regarding the unconfounded potency of the original formulation
of Roundup® and Roundup WeatherMax® in order to capture the exposure of interest.
Affinity of the original formulation of Roundup® and Roundup WeatherMax®
herbicide for sediment and consideration of masses of sediment, water and organisms are
all necessary factors in laboratory as well as field studies to accurately assess risks. We
discerned the importance of competing ligands such as sediments in laboratory toxicity
testing by conducting controlled experiments contrasting organism responses in wateronly versus sediment-and-water exposures.
Six species of Gosner stage 25 anuran amphibians were exposed to two
formulations of herbicide: the original formulation of Roundup® and Roundup
WeatherMax®. We tested each formulation in separate aqueous and water-sediment
experimental designs.

Regarding the role of sediment in exposures of the two

formulations, sediment significantly altered the toxicity in all cases except for H.
chrysoscelis exposures to Roundup WeatherMax®. We suggest that the mode of action is
unaltered for all tests and bioavailability has been altered in the presence of sediments
due to majority of unchanged potency slopes.

From these data, sediments have a

significant role in reducing the toxicity by altering bioavailability in the majority of
exposures.
Based upon predicted environmental concentrations from the Roundup® label,
application rates do not produce exposures sufficient to elicit significant mortality to
anurans (Thompson et al. 2004; Edginton et al. 2004). At the highest application rates of
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4.73 and 3.12 L/A (Monsanto 2007a,b), expected environmental concentrations would
not exceed 2.77 and 2.74 mg AE/L (calculated for 15.24 centimeter pond depth) for the
original formulation of Roundup® and Roundup WeatherMax®, respectively. In watersediment exposures of the original formulation, all of the response thresholds estimated
for the species tested were above 2.77 mg AE/L.

H. chrysoscelis and R. pipiens

responded at a threshold below 2.74 mg AE/L when exposed to Roundup WeatherMax®
for 96 hours. Margin of safety values indicated that all six species tested had a margin of
safety in water-sediment exposures of original formulation of Roundup® and two species
had a margin of safety when exposure to Roundup WeatherMax®. The presence of
competing ligands in actual field applications would further increase the margin of safety.
Anuran responses and relative sensitivities data obtained through careful
experimental design are essential for a thorough and accurate risk assessment with
formulations of Roundup® brand herbicides.

From aqueous toxicity testing, it was

discerned that responses to exposures of two Roundup® formulations differed between
each formulation indicating that the potency is likely due to the difference in surfactant.
The majority of species were relatively sensitive to exposures of Roundup WeatherMax®
compared to the original formulation of Roundup®. Toxic effects, from two formulations
of Roundup® based on conservative aqueous toxicity testing, were altered with the
addition of sediments. As Roundup® formulations sorbed to sediments, bioavailability
was altered and toxicity was reduced resulting in an increase in the margin of safety for
larval anurans. These laboratory tests are inherently conservative and over-predict the
toxicity of two Roundup® herbicides, and margin of safety would increase further with
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additional environmental ligands in actual field conditions. Data from these laboratory
tests can provide a predictive model for future field and semi-field experiments.
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